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A bstra ct
The interaction between ultrasound and the material structure of titanium alloys is 
critical to the nondestructive evaluation of many aerospace components. In this thesis, 
methods for characterising ultrasonic response and calibrating the results are reviewed, 
and appropriate measurements are reported from Ti-6A1-4V and commercially pure 
titanium blocks.
These same blocks are then sectioned, and the revealed metallography quantified. The 
observed structures are best described on three levels - individual alpha phase 
crystallites, the alpha plus beta grain structure, and larger ‘macrograins’. The origins of 
these structures are discussed.
Correlations are then sought between ultrasonic response and metallography, through 
direct mathematical modelling, graphical representations, and computer-based 
numerical methods.
None of the available models are able to predict ultrasonic response accurately, although 
insight is gained to the behaviour of ultrasound and the causes of ‘grain noise’ - better 
termed microstructural backscatter.
The concept of a backscatter coefficient is developed as a measure of the inherent 
‘noisiness’ of a material when subjected to ultrasound, calculated for the range of blocks 
under test, and qualitatively correlated with microstructural features within the test 
blocks.
The understanding gained is then fed back into an appreciation of theoretical models, 
the detectability of small flaws using ultrasound, and recommendations for future 
development of ultrasonic inspection.
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N otatio n
Note; this glossary o f  terms is duplicated on a foldout sheet at the back o f  this thesis
<> material average value
attenuation/absorption coefficient, or 
hexagonal phase of titanium 
transducer efficiency, or cubic phase of 
titanium 
8 ; strain (2.5)
gain in dB, the gain necessary to bring a 
signal to half screen height 
gain in nepers 
backscatter coefficient 
wavelength
shear or rigidity modulus 
Poisson’s ratio
angle, particularly of hexad axis to 
direction of ultrasonic propagation 
density
standard deviation 
Gi stress (2.5) 
angular frequency, = 27uf 
elastic anisotropy {2 .6 } 
grain radius 
cross-sectional area 
area interrogated by beam width 
transducer radius (effective piezoelectric 
element radius)
beam intensity, usually expressed as a 
function o f axial distance z 
bccbody centred cubic lattice, fig4a 
Cy single crystal elastic constants 
C i j 0  material elastic modulus {2.11} 
d diameter, usually of a grain 
DAC distance amplitude curve (6.5)
E Young’s modulus
f  frequency
F focal length
FBH flat bottomed hole (3.5)
hcphexagonal close packed lattice, fig 4b
I intensity of ultrasound
k wavenumber, = 2nIX
K bulk modulus
In natural logarithm (base e)
log common logarithm (base 1 0 )
NSR near surface resolution of a probe 
ODC orientation distribution coefficient
a
p
°ij
<D
4>
ii
x
p
v
0
P
Cjjj
CD
¥
a
A
A 0
b
B
ODF orientation distribution function 
p(r) probability of two points separated a 
distance r having the same crystallographic 
orientation 
PRF pulse repetition frequency 
Q elastic constant contrast, or scattering 
vector modulus {4.8}
R reflection coefficient {4.2}
R« see two-phase Rose model {4.36}
SAD standard artificial defect 
Sjj compliance (2.5)
SNR signal to noise ratio (3.5)
T transmission coefficient {4.2}
Ta see two-phase Rose model {4.36} 
t time, or time delay 
t0 1  delay between front and back surfaces 
U particle velocity amplitude 
u displacement 
Uj voltage output from probe 
u0 0  voltage for half screen height 
v longitudinal ultrasonic pulse velocity 
phase velocity 
shear velocity 
volume fraction 
sampling/gate width
ODC, Bunge’s notation (2.6)
p
vs
Vv
W
w hkl
acoustic impedance, = pv 
co-ordinate in the direction o f pulse 
propagation. Origin at probe, ‘water- 
equivalent’ distances 
co-ordinate in the direction of pulse 
propagation. Origin at entry into metal. 
Metal distances
z = zn + ■
metal
Z, = Z n +
metal
'01
Zo
Zl
Zoi1
%
distance from probe to sample 
distance from probe to back surface of 
sample
block thickness
except where otherwise stated, all material 
compositions (e.g. Ti-6A1-4V) are in 
weight %
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1 In t r o d u c t io n
1.1 Non-destructive Inspection
Structural integrity and fitness for purpose need to be assured for practically all 
manufactured goods. In some cases, parts can be guaranteed by design - based upon 
experience with similar components, or detailed modelling. More commonly, some 
degree of sampling takes place. For example, the performance of motor cycle helmets 
is tested destructively - by a man with a hammer. This demonstrates the soundness of 
the tested parts, from which it is inferred that the manufacturing process is sound, 
and thus the untested parts are likely to be sound.
However, for many critical applications, the actual parts to be used must be quality 
assured. Process assurance, based on sampling, still has its place: but, for such 
applications, some form of nondestructive testing of each item is essential.
There are many critical applications on aeroplanes, and so it is the aerospace industry 
that leads the way in the development of non-destructive inspection and evaluation 
techniques. Section 3.3 outlines the practice of one leading aerospace company for a 
typical critical component. Accuracy, reliability, and close control of the process are 
all essential to ensure airline passenger safety.
Non-destructive inspection can be very simple - looking at a part, taking 
measurements etc.. The term usually implies a somewhat more involved process, 
improving or automating the visual approach. For example, Fluorescent Penetrant 
Inspection uses a fluorescing dye to highlight cracks and other surface features, 
augmenting a visual inspection.
Other approaches replace light with other forms of radiation - such as X-rays or 
ultrasound. The advantage is that these waves allow the inside of the body under test 
to be imaged. Almost any measurable physical property of the material can be used 
to build up a picture of the test specimen. If this property varies enough to be 
measurable, then it too can be used to inspect the interior.
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1.2 Reliability of Results
Inspections must not only be accurate; they must also be reliable. Even with carefully 
controlled processes, such as those used in the aerospace industry, there is still a 
finite risk o f missing a defect. These risks are usually quoted as double percentages - 
for example, a 99% confidence of finding 99% of all defects of a given size range. 
When combined with the probabilities of incidence of various types of defect, the 
design engineer is able to calculate the risk of failure of the component, and hence 
manage the risk to the end user (for example, the aeroplane passenger).
The calculation of these probabilities is thus a major issue in the aerospace industry, 
and critical to flight safety. The high cleanliness of the materials used minimises the 
risk of failure, but it also severely limits the quantity o f historical defect data 
available. The information that is available is distributed through industry safety 
committees, but needs to be augmented by detailed theoretical modelling with 
generous safety margins.
The resulting figures are then filtered through the inspection process, which must 
itself be carefully controlled and painstakingly calibrated to ensure that the 
designed-in performance is always assured. The few slight defects that are present, 
and are found at this stage, immediately become extremely valuable as test 
specimens!
The reliability and safety of these inspection processes are ultimately demonstrated 
by the performance of components in the field. In this respect, they are well 
vindicated: commercial air travel is the safest way there is of covering distance.
This statistic must be maintained, and improved. Any harmful defect that could 
theoretically manage to escape detection, or have a lower than predicted probability 
of detection, is thus of extreme interest.
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1.3 Grain noise
Ultrasonic inspection is the primary technique for the quality assurance of aerospace 
titanium material and parts. A level of background ‘noise’ is observed during the 
inspection - above which any defect indication must rise in order to be detected. The 
level of this noise thus determines the reliability of inspection.
This ‘noise’ results from the microstructure of the material, and varies from piece to 
piece. If  this noise level could be controlled to a low level, then the accuracy and 
reliability of inspection could be improved. Parts and material with high noise levels 
are rejected, as the reliability of inspection cannot be guaranteed. Some parts also 
show peaks that may be defects - but on further examination prove to be benign 
features. Both examples lead to a substantial commercial loss.
It should also be noted that this ‘noise’ is not true random noise - it is a function o f 
the material. Thus it carries information about the material under test, and in 
principle could be interrogated to leam more about the condition and structure o f the 
test specimen.
For all of these reasons, the underlying phenomena that lead to the generation o f this 
‘noise’ are worthy of closer consideration. The final aim is to be able to develop 
models that directly and reliably relate microstructures to ‘noise’ signals, and vice 
versa.
This thesis will begin with an outline of titanium metallurgy and the basics of 
ultrasonic inspection, before going on to explore how these interact. Then, parallel 
metallographic and ultrasonic investigations on 60 titanium samples are described. 
These data form the heart of this thesis. Later chapters discuss and develop attempts 
to model ultrasonic response, based upon that database.
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2 T h e  Ph y s ic a l  M e t a l l u r g y  o f  T it a n iu m  A l l o y s
2.1 Metallurgy and Ultrasound
A proper understanding of the detailed microstructure is a prerequisite of any attempt 
to model the ultrasonic properties of a material. This project aims to improve the 
understanding of ultrasonic interactions with titanium alloys, and this section 
introduces the necessary metallurgy. Emphasis is given to Ti-6A1-4V, as befits its 
industrial importance. Comprehensive reviews of titanium metallurgy are available in 
the literature (EW Codings, 1980 & 1988: HM Flower, 1990), and should be 
consulted for further information. However, a coherent terminology is not always 
followed.
The primary material variable affecting the passage of ultrasound is acoustic 
impedance - changes in acoustic impedance within the material result in reflection 
and scatter, as discussed in later chapters. These changes can be caused by chemistry, 
phase, boundary shape and thickness, and texture. Therefore, particular attention 
must be paid to these variables when examining the microstructure.
Two standard methods of quantitative metallography were used in this study (EE 
Underwood, et al, 1980: ASTM, 1963), for the measurement of grain size and 
volume fraction from suitably polished and etched metallographic sections. Note also 
that ‘grain’ is used as a general term, and in titanium microstructures can refer to 
crystallites (‘micro-grains’), transformed-p, colonies, or large prior p ‘macrograins’, 
as discussed further in section 2.3.
Volume fractions of each phase can be determined from point counting. This process 
is based on a series of micrographs taken randomly across the surface of the test 
piece. On each micrograph, a series of points is randomly selected. A standard grid 
can be used, but a pin is just as good. Each point is then examined, to determine what 
material in which phase is present at that point. For the titanium microstructures 
considered in this work, three ‘phases’ were considered: a , transformed p, or retained 
p. The volume fraction Vv of each phase is equal to the point fraction, Pc/Ptot. 
Sufficient points should be interrogated to satisfy statistical considerations, and 
several micrographs should be considered for each reported value.
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Grain size is best measured from a simple linear intercept technique. A line is drawn 
on the micrograph, and the number of grains of each phase N a crossing its length 
counted. The line length L is determined by comparison with a calibrated scale 
photographed on the same apparatus, and the estimate of grain diameter da is given 
by:
d « = j r V’-° {2' 1}a
A suitable number of representative lines should be considered in appropriate 
orientations. From a consideration of the geometry, it can be seen that the linear 
intercept approach gives an underestimate o f the true grain size. However, it is 
directly relevant to the case o f a linear-propagating ultrasonic wave passing through 
the medium.
2.2 An Introduction to Titanium
Over half of all titanium produced is used in the aerospace sector, for airframes, 
engines, rockets, missiles, and space modules in civilian and military use. Most new 
titanium alloys were developed for such applications, and one such critical part is 
further discussed at the end of this chapter.
Non-aerospace uses include sporting, medical, and chemical applications. Racing car 
and bicycle parts, canoe paddles, and golf club heads all require the same strength to 
weight advantage as aerospace components. The material’s biocompatibility has led 
to titanium dental screws, skull plates, heart valves, pacemaker cases, artificial joints, 
and bone plates. Corrosion resistance is particularly important in the chemical 
industry, where heat exchangers, anodes, pumps, valves, and pipes are sometimes 
required in titanium. Other uses include wheel chairs, body armour, jewellery, and 
spectacle frames.
Titanium is a grey transition metal with atomic number 22 and an atomic mass o f 
47.9. It is the ninth most abundant element, comprising about 0.63% of the earth’s 
crust and occurring principally as the oxide. A commercial smelting process was not 
developed until 1946. Two principle crystalline phases are observed in titanium 
alloys, and a proper appreciation of this phase transition is fundamental to a full 
understanding of the metallurgy of titanium. Figures 1,2, and 3 contain some 
relevant phase diagrams.
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Pure p-titanium is stable between the phase transition at 882.5°C and the melting 
point, 1670°C. It has a body-centred-cubic (bee) lattice, illustrated in figure 4a, and is 
extremely formable. Pure p-titanium does not occur at room temperature, but it may 
be stabilised by alloying additions such as molybdenum and vanadium. Generally 
elements with unfilled or just-filled d-electron bands (such as transition and noble 
metals) act to lower the phase transition temperature, and hence stabilise the p phase. 
Below 882.5°C the stable phase is a-titanium, which has the hexagonal close packed 
(PG Partridge, 1986) lattice shown in figure 4b. Additions of interstitial elements 
(such as oxygen and nitrogen) or simple metals (such as aluminium) tend to raise the 
transition temperature, and are known as a-stabilisers. Unless it is very highly 
alloyed, commercial titanium is a-phase at room temperature. However the phase 
transition has a major influence on the observed metallography; and microstructural 
features are commonly described using terms such as ‘transformed-p’.
Both phases of pure titanium are stable at 882.5°C. In alloys, this transition occurs 
over a range of temperatures, widening with increased alloying content. The range 
over which the transformation occurs and the cooling rate will have a major influence 
on the nucleation and growth of the new phase (DJ Jensen, 1995). A consideration of 
these processes and the resulting microstructures is left to the metallography chapter. 
The two lattices of figure 4 can easily be related by a small atomic displacement, 
which can occur either diffusionally or martensitically. This close relationship 
between the two lattices results in a discrete set of orientation relationships 
permissible between a ‘host’ p grain and growing a , of the form (KY Han and RB 
Thompson, 1994):
Where the standard crystallographic bracket conventions are observed (A Cottrell,
Once the material is fully a  (apart from any retained p at grain boundaries), there 
will thus be a family of a-grains with related basal planes of the form { 1 1 0 }p, 
descended from this parent 4 prior-p’ grain.
{2.2}
1967).
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There is also a packing density difference between the two phases, resulting in a 
volume change and the development of internal stresses to accompany the transition. 
In order to minimise the internal stresses, the a  phase tends to grow as lathes, and 
neighbouring grains will grow as parallel lathes with the same orientations. This 
leads to the formation of colonies within a prior-p grain, such as the idealised 
structure o f figure 5.
Within a colony, there is no orientation mismatch between neighbouring a-lathes. 
Unless there is a second phase or appreciable density variation, there is no variation 
in acoustic impedance, and so this scale of the microstructure will produce very little 
ultrasonic scattering.
Colonies of lathes can be considered as ‘grains’ in their own right, and may take any 
of the six orientations {110} relative to the parent ‘prior p-grain’. These possible 
orientations are known as ‘variants’. There is then a corresponding limitation 
imposed upon the orientation mismatch across a colony boundary, which will also be 
limited to a discrete set o f values.
The prior-p grains are randomly oriented, and thus there are no fixed relationships 
across these ‘macrograin’ boundaries. The implications of these structures on 
scattering behaviour are discussed in chapter 4.
2.3 Titanium Metallurgy
As we have seen in the previous section, and as illustrated in figure 5, the smallest 
divisions of the structure are the a-lathes, individual planar crystallites of the a  
phase. These are grouped together in colonies, and these colonies form a family 
descended from a single grain of the high temperature phase, a prior-p grain.
Actual microstructure will rarely be this simple. Occasionally exceptionally large 
grains and other features are observed (MS Jezeiro and K Clay, 1988). The structures 
in real titanium forgings can be derived from the idealised picture by considering 
successive heat treatments and working. For example, consider subjecting figure 5 to 
a further heat treatment, in the a /p  region of the phase diagram. Some of the grains 
will transform back to p, whilst some will remain a  phase. All of the grains will 
grow. On subsequent cooling, the a  grains will not change but the p will transform 
back to a series of a  lathes, as illustrated in figure 6 .
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This microstracture therefore contains two main ingredients: unaffected primary-a, 
and the groups of a  lathes. These groups are akin to prior-p grains, but to avoid 
confusion they are referred to as grains of ‘transformed-p’. There will also be a small 
amount of the P-phase surviving at room temperature. This will be smeared out along 
the grain boundaries, and may not be resolvable optically. It is termed ‘retained p ’.
So far, we have only discussed pure titanium. Common alloying additions to titanium 
include the a-stabilising elements aluminium, gallium, and tin, and p-stabilising 
vanadium, niobium, tantalum, and molybdenum. In addition, oxygen and nitrogen 
may be present and act as a-stabilisers.
Titanium unalloyed or with a-stabilising additions is classified as an a-alloy, large 
quantities of p-stabilisers produce p-alloys, but the majority o f commercial titanium 
is in the form of a/p-alloys, containing both phases at room temperature. These 
alloys can be further divided into near-a and near-p. Binary phase diagrams for 
typical a  and p additions are shown in figures 1 and 2. Addition of both a -  and p- 
stabilising elements has the effect o f widening the a /p  region of the phase diagram, 
demonstrated in figure 3.
The most common commercial applications of titanium are based on a /p  alloys such 
as Ti-6A1-4V. They provide good room-temperature strength and reasonable high- 
temperature strength, although they can be difficult to form (RA Wood, 1972). The 
microstructure is controlled by heat treatment, as discussed below. Ti-8 A l-lM o-l V is 
an example of a near-a alloy, and Ti-6Al-2Sn-4Zr-6Mo (‘6246’) a near-p.
Ti-Mo is the most carefully studied binary system for p-alloys, and several 
commercial alloys have been developed, such as Ti-ll.5M o-6Zr-4.5Sn (‘P-III’) (T 
Nishimura, M Nishigaki, and H Kusamichi, 1976: FH Froes, JM Capenos, and MGH 
Wells, 1972). The p-phase is prone to ductile-brittle transition (IV Gorynin, et al, 
1972), and so one application for a-alloys such as Ti-5Al-2.5Sn has been in 
cryogenic equipment (DR Salmon, 1979).
Tensile strengths vary from 500 MPa (for commercial purity material) to 1500 MPa 
for age hardened P-alloys. However the p-phase has much more rapid diffusion rates, 
and so a continuous a  structure is preferred for creep resistance. Fatigue resistance
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depends upon the exact microstructure formed (HM Flower, 1990). Guaranteed 
material properties for a range of titanium alloys can be obtained from any major 
producer^.
A great deal of effort has been expended on studying the microstructural control o f 
Ti-6A1-4V through thermal processing. Figure 7 summarises the results o f cooling 
from three different regions at three different rates. An idealised microstructure has 
already been reported (figure 5), along with the effect of a subsequent a /p  heat 
treatment. Further typical microstructures can be observed elsewhere (EE 
Underwood, 1980: DR Betner, et al, 1980). Mechanical work put into the 
microstructure will elongate grains and develop texture. If  not properly controlled, 
banding and strain-induced porosity can result.
The various structural scales observed in titanium have been described already. Prior- 
p macrograins can generally be observed by eye on smooth specimens. Polishing, 
etching, and microscopy are necessary to resolve individual a-lathes and grains of 
primary-a and transformed-p. Colonies are often very difficult to identify, 
particularly in forged specimens.
2.4 Common Defects in Titanium Alloys
Titanium is manufactured in an extremely clean and carefully controlled 
environment, but flaws within the material still occasionally occur. Some of the more 
common defects are listed below. Their ultrasonic properties and detection will be 
discussed in later chapters.
Porosity - Titanium billet is produced from a remelted compact. Poor processing of 
the compact can result in porosity of the melt, and subsequent degradation of 
properties. Porosity can be identified from the degree of ultrasonic scattering 
produced, but is a rare occurrence in aerospace applications. Careful processing, such 
as the triple-melting described at the end of this chapter, minimises the risk.
Cracks - Even small micro-cracks, which do not break the surface, can have 
disastrous effects on component performance in service. For this reason, processing
§ IMI Titanium P.O.Box 704, Birmingham, B6 7UR. RMI Titanium, P.O.Box 269, Niles, Ohio 44446
Page 15 Steve Foister, Surrey University Physics Department Page 15
T
he
 
In
t
e
r
a
c
t
io
n
 
of
 
U
l
t
r
a
so
u
n
d
 
w
it
h
 
th
e 
M
a
t
e
r
ia
l
 
S
t
r
u
c
t
u
r
e
 
of
 
T
it
a
n
iu
m
 
A
l
l
o
y
s
cnoo
O n
g o  <
-^T o 
o
oiks
to
X 1
E §
„to
,  t o
« -a. cto k. 53 O O *to toi
fi .to
S  + ?to lb
«iX 
i*  k
« !
■to cto m
u I
sto
to
ex
+ SB «  ■%
is cto f6
a  l!
S - S
.t*
o
I? 
to*tp to 
«ix tok. 2
to 2 to 45
+ p
to to*
4*
ej
k.
J£B
4* -k 
to to 
^  is
fe i  
.£ 1
to el ex
+
to
Sk
k,CQ
to. ex
4 . u
7* • « a  -to tO QSL
to to. ob
** 'A/m&ractos /
i>
«
k
tx• PM
ta Pa
ge
 
16 
St
ev
e 
Fo
ist
er
, 
Su
rre
y 
Un
iv
er
sit
y 
Ph
ys
ics
 D
ep
ar
tm
en
t 
Pa
ge
 
16
T h e  In t e r a c t io n  o f  U l t r a s o u n d  w it h  t h e  M a t e r ia l  S t r u c t u r e  o f  T it a n iu m  A l l o y s
is carefully controlled, and inspection optimised to detect any small cracks that may 
grow once the component is in use. Ultrasonic inspection is the preferred method for 
detection of sub-surface cracking, other possible methods being radiography, 
thermography, and electrical resistance.
Inclusions - Various high and low density inclusions have been found in titanium 
over the years, although most are found to settle out during the triple melt processing 
of critical material. Small irregular particles introduced during processing are the 
most difficult to detect, and possible sources of such inclusions must be carefully 
considered and eliminated from the material route.
Hard-a - One of the most dangerous flaws to be avoided in the manufacture of 
titanium alloys is localised embrittlement due to the presence of high concentrations 
of aluminium, oxygen, or nitrogen. These are known as high interstitial defects 
(HIDs) or 'hard-a'.
Much of the current focus on titanium is due to the industry-wide review following 
the Sioux City air crash (AB Wassell, 1993), where engine failure was traced to the 
presence of hard-a in a titanium disc. HIDs are characteristically hard, with values in 
the range 700 - 1000 HV§, compared to a surrounding matrix value o f 350 HV.
Cracks can form in the HID during processing and (if undetected) grow during 
service. If  the material is pushed closer to its limits, the HID can act as a crack 
initiation site during service. The detectability of uncracked HIDs is currently a 
major issue (DO Thompson and DE Chimenti, 1994).
2.5 Single Crystal Elastic Constants
Elastic (stress-strain) waves travel through media at a rate controlled by the stiffness 
o f the material. An understanding of the terminology used to describe elastic 
behaviour in single crystals and its extension to polycrystalline materials is thus 
fundamental to our study of ultrasonic interactions.
Stress and strain states can be described using the 3x3 matrices s-y and <jy, where £y 
refers to a displacement parallel to axis i o f a point initially on the axis j ,  and atj is the 
corresponding stress. These matrices can be related according to a generalised form 
of Hooke’s Law (A Cottrell, 1967):
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c r ij =  C y u  £ ki I2 -3 }
The elastic constants or stiffnesses CiJkl introduced above comprise a fourth order 
tensor, dimension 3x3x3x3. Both the stress and the strain matrices are symmetrical, 
allowing the general three-dimensional state to be described with six independent 
components for each of stress and strain. This symmetry reduces the number of 
elastic constants required from 81 to 36. Considerations of elastic energy 
conservation can be introduced to reduce this further, to 2 1 , and crystal symmetry 
can produce further simplification. For example, cubic crystals display only three 
independent elastic constants (Cim , C1122, and C2323).
The symmetry of stress and strain is generally used to re-write the stiffness tensor in 
a more convenient form. If the 3x3 matrices are replaced by a linear array of the 6  
independent stress and strain elements, then the elastic constants can be represented 
by a two dimensional 6 x 6  tensor Ctj.
Full notation
°" l2
\
13 (£  b u £n £ \  13
0*21 <J22 ^ 2 3 and £ 2\ e 22 to
^ 3 1 Cr32 ^ 3 3 ^ £ 31 £ 31 £ 3 3 J
^6 f G\ £ 6 £  } 5
^2 ^4 and £ 6 £2 £ 4
^ 5 ^4 *3 , K£ 5 £ a 8  3 ,
becom e:
therefore permitting the reduced notation :
{2.4}
(CTi <J, ;) and (s, )
So, for example, the three independent elastic constants for a cubic crystal are 
rewritten as Cn, C12, and CAA. Hooke’s Law can be rewritten as:
^  U-5}
Single crystal elastic constants must obey the symmetry of the relevant crystal class. 
For example, cubic symmetry requires that properties along each of the axes are 
identical. Therefore, C 1 1 =C 2 2 =C3 3  for cubic crystals. It must also follow that 
C 1 2  = C2 3  = C31, C4 4  = C5 5  = C66, and other values are zero. This leaves cubic crystals 
with only three independent elastic constants, Cn, C12, and C44. Similar relationships 
exist for other crystal symmetries, and these have been listed by Hearmon (1966).
§ ‘HV’ (Vicker’s Hardness) is a standard measure as described in the metallurgical textbooks (e.g. 
Cottrell, A., 1967)
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For example, hexagonal symmetry allows five independent elastic constants Cn , C12, 
Ci3 > C3 3  and C4 4 .
The elastic anisotropy o f a crystal is a term to be used with caution. It is defined in a 
variety o f ways by different authors, as either a difference in, or a ratio of, elastic 
constants. For the purposes o f this thesis, I will define elastic anisotropy, y/, as 
follows:
Hooke’s Law can also be written the other way round, with strain as a function of 
stress,
where Sip is the compliance matrix, the inverse of stiffness. Note that these are 
inverse matrices’, individual elements cannot be related in a simplistic way.
Stresses, strains, and elastic constants have been described above using the 
crystallographic axes. We will generally be more interested in constants described 
using the ‘ultrasonic axes’. The convention followed here will be to align axes such 
that the pulse propagates in the ‘3’ or ‘z’ direction, and to designate with a ‘prime’ 
quantities defined according to the ultrasonic axes. For example, C33' is the stiffness 
in the direction of pulse propagation.
In the general case, ultrasonic propagation is not along one of the crystallographic 
axes. Then, C33' can be related to the single crystal values by considering a rotation of 
axes to bring the crystallographic z-axis into the direction of pulse propagation. This 
gives the following relationship for hexagonal crystals, where 6 is the angle between 
the hexad axis and the direction of pulse propagation (S Eros and CS Smith, 1961: 
BAAuld, 1990).
3y/ -  (Cn + C2 2  + C33) -  (C 1 2  + C2 3  + C31) - 2 (C 4 4  + C5 5  + C66) 
For cubic crystals, this reduces to:
¥  cubic ~ C U — C1 2  — 2 C4 4  
Or for hexagonal symmetry:
{2 .6}
{2.8}
{2.7}
{2.9}
C33'=  Cn sin4# + C3 3  c o s 4 0  + 2 (C 1 3  + 2 C4 4 )cos 2 0 sin2 0
The resulting plot of C33' against 6 for Ti-6A1-4V is shown in figure 8 .
{2 .10}
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Elastic constants are most commonly estimated from accurate ultrasonic velocity 
measurements on single crystals. For example, Fisher and Renken (1964) cemented a 
piezoelectric probe to a small titanium crystal of known orientation for their 
measurement of elastic constants as a function of temperature. Impurities, cracks, and 
internal stresses would all lead to experimental errors, and so the crystal was 
carefully prepared. A larger crystal is preferable, both for practical considerations 
(mounting, and identifying orientations), and because a greater volume of material 
can be interrogated. However, the difficulty in growing pure stress-free titanium 
crystals limited the size. Once a suitable crystal was obtained, the main practical 
difficulty to overcome was cracking of the cement due to thermal expansion.
Several summaries of elastic constants have been published, the most comprehensive 
within the Landolt-Bomstein volume (RFS Hearmon, 1966). Selected values from 
this summary are quoted in table 1, along with their root sources and other relevant 
papers (ES Fisher and CJ Renken, 1964: JW Flowers, 1964: JH Rose, 1994). These 
are generally values for pure material at room temperature. Variations with alloying 
and other effects are discussed further the following chapters, and estimated 
experimentally in the course of this thesis.
2.6 Polycrystalline Elastic Constants
Elastic moduli can be defined for polycrystalline materials in the same way as single 
crystal elastic constants, and are designated Cij0. The final zero designates that this is 
a bulk or average value. Such constants can be measured, or estimated from single 
crystal values using knowledge of the material texture. If the individual crystallites 
are assumed to take random orientations, three such averaging schemes exist in the 
literature, according to Voigt (1928), Reuss (1929), and Hill (1950). The Voigt 
approach assumes a uniform distribution of stresses within the material - Reuss 
assumes a uniform strain distribution. Validity therefore depends upon the nature of 
the applied disturbance, and how this is transmitted from grain to grain. Generally 
speaking, neither of these idealised distributions will occur - the observed behaviour 
will be somewhere in between. Voigt and Reuss thus form upper and lower limits for 
the possible material response. The Hill approximation is simply their mean.
The relatively high-speed oscillations of ultrasound lead to material behaviour being 
most closely modelled using a uniform stress distribution. In this approximation, we
Page 21 Steve Foister, Surrey University Physics Department Page 21
T h e  In t e r a c t io n  o f  U l t r a s o u n d  w it h  t h e  M a t e r ia l  St r u c t u r e  o f  T i t a n iu m  A l l o y s
Table 1: elastic constants
at room temperature, unless otherwise stated
Material
1s
Q
. Cn C 1 2 C4 4
GPa
C 1 3 C3 3 C3 3 0
GPa
Ref.
Pure a-Ti 162 92 46.7 69 181 166 Fisher
(1964)§
Pure a-Ti 4504 154 86.0 46.7 67.3 183 162 Flowers
(1964)
Pure a-Ti 160 90 46.5 66 181 164 Han
(1994)
a-Ti-6Al-lV 4540 174.4 98.1 50.7 72.0 197.3 179 Rose
(1993)
a-Ti-6Al-4V 154.24 86.76 44.3 63.62 174.45 158 Han
(colonies) (1994)
a-Ti-6Al-4V 157.29 73.18 42.98 73.18 157.29 155 Han
(macrograins) (1994)
a ‘-Ti-6.8Al 184 103 53.5 75.9 208 189 Han
(1994)
Pure p-Ti 129 101 37 101 129 Han
at 1020°C (1994)
p-Ti-5Al-8V 4480 151.2 108.0 41.1 108.0 151.2 Rose
(1993)
p-Ti-31V 141 101 40.2 101 141 Han
(1994)
Cu 8392 168.3 121.1 75.7 121.1 168.3 Stanke
(1984)
Stainless steel 8010 200.5 133.0 125.0 133.0 200.5 Stanke
(304) (1984)
§ as referenced by Hearmon (1966)
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simply average the relevant elastic constant over all possible orientations. For 
hexagonal materials, the average only needs to be performed between 0 and 7c/2.
Note that not all possible unique angles are equally likely, due to the symmetry of the 
material. This is best understood by considering a hemisphere standing proud from 
the basal plane. The normal to this basal plane (0= 0°) is clearly defined. However 
0=  90° corresponds to all the orientations within the plane. The probability density 
function for any given angle is proportional to the area of the ring (thickness dO) 
traced by rotation about the normal. This area is given by sinOdQ. Therefore, we can 
write the following for untextured hexagonal materials, using {2.10}:
n i l
= Jc„'s in #  d #
I  U.11}
= f(c„ sin4# + C33cos40 + 2(0 ,, + 2C44)cos2#sin2#)sin#d#
0
Therefore, performing the above integration produces the Voigt average for 
hexagonal materials,
Q o  = £ (*C „ + 3C33 + 4C,3 + 8C44) {2.12}
Real materials, however, rarely display the random texture assumed in the above 
consideration. This is particularly true of worked metal parts. Texture is usually 
measured from X-ray or neutron diffraction experiments, quantified using orientation 
distribution coefficients (ODCs), and plotted as orientation distribution functions 
(ODFs). Two different nomenclatures are prevalent for ODCs; we will use Bunge’s 
Whkl (BL Adams, 1980: HJ Bunge, 1982).
Texture values can vary greatly according to the scale over which they are measured. 
There may also be other forms of texture, which are not easily picked up by ODCs. 
For example, two neighbouring grains may have been interrelated during a material’s 
processing history, and therefore have identical or closely related orientations. Such 
orientation relationships are particularly associated with materials suffering a low- 
temperature phase change, and are common in titanium. An accurate characterisation 
of all texture in titanium alloys would require the grain-to-grain measurement o f 
crystallographic orientations. This is now possible, using an Orientation Imaging 
Microscope (A Bowen, 1994), but would be expensive and time-consuming.
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Schemes for quantifying such texture measurements and applying them to ultrasonic 
scattering are poorly defined at present.
Expressions have been developed for Cij0' as a function of ODCs in materials of any 
texture. For example, in textured hexagonal materials (Y Li and RB Thompson,
1990:1 Yalda-Mooshabad and RB Thompson, 1994b):
C330' = C3 3 0  + 4 &2(4A1a 1 + B p x), where
«> = 2To(Vior200 -2VT5w220), /?, = Tk(3~j2wm - 4 S w m  +2V35w j j  {2.13}
A, = 4C„ -  3Cj3 -  C,3 - 2 C44, B  =  C U +  C, 3  -  2C 1 3  -  4C4 4  
For engineering applications studying the behaviour of bulk materials, stiffnesses 
such as C 1 1 0  are rarely used. More familiar are Young’s modulus E, shear or rigidity 
modulus //, bulk modulus K,  and Poisson’s ratio v. They can be interrelated using the 
following expressions, assuming full elastic isotropy:
^ 3 3 0  ~ K  + j  fu, C1 2 0  = K  — j //, C4 4 0  — //, C3 3 0  = E  {2.14}
2.7 Titanium for aero-engine fan discs
This section outlines the manufacturing cycle for a titanium-6Al-4V fan disc to be 
used in a Rolls-Royce aero engine, as an example of the processing typically applied 
to titanium alloys for critical aerospace applications. Ti-6A1-4V is used by Rolls- 
Royce as a disc material in low-pressure (LP) and intermediate-pressure (IP) 
compressors. Inspection practices will be discussed separately, at the end of the next 
chapter.
The disc and blade in operation serve to increase the velocity of incoming air, at a 
constant pressure. The air is then passed through a stator, which transfers this 
velocity gain into pressure. Operating temperatures are up to 300°C, with maximum 
stresses expected to be in the range 400 - 460 MPa. The consequences of in-service 
failure for such a critical component would be severe, and therefore considerable 
expenditure is required to demonstrate acceptable safety levels.
Each manufacturing step and inspection, at Rolls-Royce or a subcontractor, is 
performed according to the relevant paperwork. This includes Rolls-Royce materials 
specifications (MSRRs), process specifications (RPSs) and metallurgical standards 
(CMEs). The process does not stop once the engine enters service: service support 
provided includes repair, condition assessment, life reviews, and failure 
investigation.
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Titanium, in the form of granules or a crushed sponge, is mechanically mixed with 
alloying additions. The powder is compacted, and individual blocks are Argon- 
plasma welded together to form an electrode for the induction furnace. Melting is 
performed under a vacuum. When the material has solidified, the outer skin is 
machined off to remove oxide and impurities. The ingot is then inverted and melted 
again. Titanium is often used in this form, but Rolls-Royce experience is that a third 
melt is required to ensure material homogeneity. The process is referred to as triple 
vacuum arc remelting, or 3* VAR, and produces an ingot of material 2 6 - 3 6  inches in 
diameter, weighing up to 6 tons.
Each ingot is then extruded into several billet bars, breaking up its coarse structure. 
Bar ends are discarded, and slices are taken by the manufacturer (in order to assess 
metallography and mechanical properties). Should a contamination be detected, it is 
important to be able to trace all affected material. Careful labelling is required. For 
example, IMI’s manufacturing scheme designates the three billet bars produced from 
each ingot as B, C, and D. ‘A ’ refers to the early (discarded) section. Sections from 
the bars are then designated by number; e.g. B1 is the first section of the first bar.
The raw material is shipped to a suitable forger, where it is squashed into the 
designated shape. Machining is also required to produce the rectilinear ‘Condition of 
Supply’ (CoS) shape specified by Rolls-Royce. Rectilinear shapes are designed for 
the best possible ultrasonic inspection. Surfaces are flat, edges on opposite faces are 
offset, and the surface must be of a suitable quality.
Alternative (non-rectilinear) CoS shapes have been proposed. They would allow 
forging closer to the final disc shape, thereby saving material cost. This approach, 
coupled with careful initial inspection of the raw material, is used by some aerospace 
manufacturers. However, it has a poor safety record as some flaws are introduced or 
enlarged during the forging process. Therefore, Rolls-Royce has rejected this cost- 
saving attempt, and continues to perform the most detailed finished-part inspection in 
the industry.
After testing, the finished disc shape is machined out of the rectilinear forging. 
Several machined disc details are electron beam welded together, producing the 
complete rotor assembly. The assembly is cleaned and given a post-weld heat 
treatment for stress relief.
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However, any manufacturing technique and inspection process has limits. Some 
flaws will always be missed, as their indication levels are indistinguishable from the 
backscatter. In designing and assigning safe life to parts, the probabilities of 
occurrence and detection, and the risks should a flaw evade detection, must be 
carefully assessed. This requires a detailed knowledge of manufacturing processes, 
inspection limitations, and service conditions. New techniques aimed at improving 
resolution are continually being devised, but a realistic assessment of their reliability 
is critical. Optimistic interpretation of inspection improvements by design authorities 
could lead to components such as aero engines being unsafe, and endanger lives.
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3 T h e o r y  a n d  Pr a c t ic e  o f  U l t r a s o n ic  In s p e c t io n
3.1 Introduction to Ultrasound
“Ultrasonic waves are mechanical waves that consist o f  oscillations or vibrations o f  
the atomic or molecular particles o f  a substance about the equilibrium positions o f  
these particles” (Y Bar-Cohen, et al, 1980).
Consider a small compressive strain applied to a region of a metallic lattice. A 
corresponding stress field will be produced, according to Hooke’s Law {2.3}. When 
the strain is released, this stress field will accelerate the lattice towards its rest state, 
and exert equal and opposite forces on the neighbouring regions o f the lattice. In this 
way, the strain is transferred and the stress/strain elastic wave can propagate through 
a medium.
This is analogous to the creation of string waves by plucking. For ultrasound, the 
‘pluck’ is usually a rapidly varying voltage applied across a thin slice of piezoelectric 
transducer - as described later in this chapter.
The following form of the plane wave equation is obeyed: 
u = w0e_az sm (kz-cot) {3.1}§
Particle displacements can be polarised in one of three directions, resulting in two 
distinct wave modes. In longitudinal mode, particle displacements are in the 
direction of energy propagation. This results in a series of compressions and 
rarefactions, and therefore they are also known as compression waves. Particle 
vibrations perpendicular to the propagation direction produce transverse waves, also 
known as shear waves. In isotropic materials, there will be two such perpendicular 
polarisations, and they will be degenerate. However, in most real materials the wave 
modes will be mixed -  the two quasi-perpendicular polarisations will differ in 
velocity, and demonstrate quasi-shear properties. Shear waves generally propagate 
more slowly than longitudinal waves, and cannot easily pass through fluids. 
Longitudinal waves can pass through fluids, but high-frequency vibrations are 
rapidly attenuated in gases. Other wave modes exist in thin plates and along surfaces, 
but this report will concentrate on longitudinal waves.
§ terminology will follow that described in the Notation glossary on page vi
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The velocity v with which ultrasonic waves propagate is directly related to the 
stiffness o f the host material, as discussed in section 3.10. Other quantities used to 
describe ultrasonic waves are the frequency f  wavelength X, wave number k, and 
angular frequency co. These variables are related as follows:
v = /A = - f  {3.2}
k
k  = ? j,a >  = 2 n f  {3.3}
Instead of continuous ‘wave trains’ of ultrasound, the signal is generally enveloped in 
some way. For the majority of inspection purposes, a very short pulse is used in order 
to produce a crisp echo from any defect present and reduce the confusion caused by 
overlapping signals. In order to produce such a narrow envelope, a wide spectrum of 
frequencies is required. Such systems are referred to as ‘broad-band’. Other systems 
using narrow band and 'tonebursf pulses do exist, but are not in commercial use.
A ‘wave front’ is a surface connecting points in the same phase of oscillation. Energy 
is propagated perpendicular to the wave front. For example, the ripples spreading out 
on a pool after a stone has been thrown represent circular wave fronts.
Ultrasonic pulses for nondestructive evaluation are produced using flat or concave 
transducers. The propagation produced is often described as a beam, although it will 
not be as well collimated as a ray of light. For a flat transducer of finite extent, the 
beam will exhibit classical diffraction phenomena. However, these are difficult to 
model exactly, and in the first instance we will assume ultrasonic beams with flat 
wave fronts.
When one of these wave fronts encounters a material discontinuity, a portion o f the 
wave energy will be reflected, refracted, or more generally scattered. This behaviour 
can be considered at present in terms of a simple reflection, but will be discussed 
more fully in the next chapter. It is the basis for most methods of non-destructive 
inspection using ultrasound.
3.2 Methods of Ultrasonic Inspection
Figure 9 shows three geometries commonly used for ultrasonic testing. The ‘pulse- 
echo’ arrangement o f figure 9b is the focus of this investigation, but many other 
geometries are also possible.
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For transmission testing, two transducers are required, as in figure 9a. The pulser and 
the receiver follow the same scan path on opposite sides o f the test piece. If  the part 
contains a major discontinuity, such as a crack or an inclusion, then it will cause part 
o f the ultrasonic pulse to be reflected - reducing the transmitted signal. An electronic 
gate monitors the pulse height, and an alarm can be set to sound if  the transmitted 
signal falls below a set value.
This form of testing generally uses normally-incident longitudinal sound waves, 
although other geometries and arrays of probes are possible.
An alternative approach is to detect reflected pulses. This has the advantage of 
requiring access to only one side of the test piece. Two probes can be used in a 
‘pitch-catch’ arrangement, or a single probe in ‘pulse-echo’ mode (the same probe 
that produces the pulse monitors for reflections). The wave mode can be either shear 
or longitudinal. The simplest possible geometry is shown in figure 9b: normal 
incidence pulse-echo testing using a single transducer.
Figure 9c illustrates a shear wave being reflected off the opposite surface o f a plate, 
in order to approach a weld line near normal. Gross defects within the weld (e.g. 
inclusions or cavities) will reflect the incoming pulse back towards the transducer. 
This geometry (often with multiple reflections within the plate or pipe) is common 
for the inspection of welds in the nuclear industry, where access can be difficult. To 
get the most out of this technique and interpret the results properly, accurate 
modelling of the inspection is required. Some packages suitable for this purpose are 
discussed at the end of chapter 4.
Various techniques based upon surface and plate waves are possible. These are 
beyond the scope of the current work, but further information can be found elsewhere 
(Y Bar-Cohen, et al, 1980).
Many different probes have been suggested for generating and detecting ultrasonic 
pulses. The most common transducers use a piezoelectric principle. Piezoelectric 
materials, usually ceramics, have a directionality to their crystal lattice that results in 
a mechanical compression producing a voltage across the crystal. This voltage can be 
observed in an everyday application, producing the spark in gas oven lighters.
A suitable slice of piezoelectric material cut and mounted in the correct orientation, 
with electrical terminals mounted on opposite faces, thus becomes a probe for elastic
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waves. Ultrasonic vibrations incident upon the crystal will be converted into 
electronic signals, and passed to suitable detection and recording equipment.
The reverse piezoelectric effect converts an applied electronic pulse into a 
mechanical oscillation, thus allowing the same crystal to also generate ultrasonic 
pulses.
A piezoelectric receiver/detector may contain elements to shape the beam and damp 
unwanted reverberations. The frequency, pulse length, and bandwidth of the 
ultrasound depend on these elements, the thickness of the crystal, and on the 
frequency, pulse length, and bandwidth o f the electronic signal. Therefore the 
piezoelectric probe should not be considered on its own, but alongside the 
‘pulser/receiver’ used to generate and detect the electronic signals. For practical 
inspections, the nominal frequency is typically between 1 and 15 MHz, with a pulse 
length in the nanosecond to microsecond range and a pulse repetition frequency o f up 
to 100kHz.
In order to transmit the pulse into the part under test, the piezoelectric probe can be 
mechanically attached directly to the test piece. However, this takes time to set up 
and is not suitable for inspection applications since some degree of scanning across 
the part is invariably required. Air coupling has been tried (CM Fortunko, et al,
1994), but ultrasound is highly attenuated in gases. Water and various gels are the 
most common couplants.
Gels are popular since they can simply be smeared across the probe and part surfaces 
to ensure a good contact when the two are brought together. They are commonly 
used for in-service inspections, as well as medical applications. The disadvantage is 
that the angle o f the probe to part surface and the thickness of couplant are extremely 
difficult to control, resulting in poor reproducibility of results and questionable 
calibration.
A higher reliability of inspection can be obtained by immersing the part in a water 
tank and accurately positioning the probe using a scanning frame. Due to the highly 
reproducible nature of this equipment, it is the standard procedure for the inspection 
of critical aero-engine components. The disadvantages include cost, lack of 
portability, and the time taken to place the part in the tank and conduct the scan.
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However, this is the equipment used in all the experimental work and theoretical 
modelling reported in this thesis, except where otherwise explicitly stated. 
Water-coupled devices are also used for in-service inspection, but a constant stream 
of water is usually required (Y Bar-Cohen, et al, 1980: TC Patton and DK Hsu,
1994). Wheel probes (Y Bar-Cohen, et al, 1980: B Drinkwater and P Cawley, 1994) 
and rubber-nosed devices (Y Bar-Cohen, et al, 1980) have also been tried.
Whichever way the probe is coupled to the test specimen, an array offers many 
advantages over a single piezoelectric element (A Lhemery and R Stacey 1994: N 
Chakroun, et al, 1994a&b: EJ Nieters, et al, 1994: DC Copley and PJ Howard, 1994). 
Although such systems can offer great flexibility and improved accuracy, the 
potential for misuse and decreased reliability of inspection have so far prevented 
widespread application within the aerospace industry.
Other, non-piezoelectric, means can also be used for ultrasound generation and 
detection. For example, ElectroMagnetic Acoustic Transducers (EMATs) are 
beginning to find industrial applications (C Edwards, et al, 1994: S Dixon, C 
Edwards, and SB Palmer, 1994). The probe consists of a permanent magnet and an 
electrical coil (A Idris, C Edwards, and SB Palmer 1994: HM Frost, 1979: K 
Kawashima, 1984). Their main advantage over piezoelectric elements is that a 
magnetic field acts as the couplant. No gels or fluids are required, so EMATs are 
suitable for use on hot specimens: often with water cooling. Two major 
disadvantages are a reduction in sensitivity (EMATs are roughly three orders o f 
magnitude less sensitive than comparable piezoelectric devices) and restricted use 
(the test material must be an electrical conductor).
Lasers can also be used, both to initiate and to detect elastic waves. When the sharp 
packet of energy contained within a laser pulse impacts upon a surface, localised 
heating occurs producing localised thermal expansion. This expansion, and the 
following contraction as the heat is dissipated, produce corresponding stresses in 
neighbouring material. An ultrasonic pulse results, typically with a 5 MHz bandwidth 
centred about 5 MHz.
This is a truly non-contact method of generating ultrasonic pulses, and is widely seen 
as an emerging technology. Attempts are being made to apply laser-based systems to 
a variety of inspection problems (C Edwards, et al, 1994: JW Wagner and TW
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Murray, 1994: M Choquet, et al, 1994: DA Oursler and JW Wagner, 1994), and in- 
situ process monitoring (W Lu, et al, 1994: C Scruby, 1995).
The nature of the ultrasonic pulse depends to some extent on the quality of the 
surface o f the part, and problems can be encountered with coatings (C Scruby, 1995: 
VV Shah, et al, 1994). There is also a risk of localised melting and subsequent 
damage to the surface resulting from the laser impact. Careful adjustment of the laser 
is required to avoid this. A further potential problem is cost.
Non-contact detection of the pulse can be achieved by using EMATs or laser devices. 
The detection of ultrasonic pulses using lasers requires a laser pulse to be reflected 
from the surface of a test piece, and fed into an interferometer. This enables the time 
elapsed for the pulse to return to be measured, and related to surface vibrations 
produced by an ultrasonic pulse that has travelled through the part (M Choquet, et al, 
1994: C Scruby, 1995).
Such a device should not noticeably affect the part under test, and forms the ideal 
complement to laser-based ultrasonic pulse generation. However, it suffers from 
several practical disadvantages. Cost and lack o f portability are major barriers to 
industrial application, and surface finish is critical: the device relies on incident laser 
light being reflected. There is also a danger of the measurement device complicating 
the inspection by becoming a source of ultrasound, or damaging the surface.
Many other methods have been considered for the generation or detection of 
ultrasound, using a variety of physical principles. Miniature underwater microphones 
have been used to map the beam produced by piezoelectric probes in water (NK 
Batra, et al, 1994), but are only suitable as receivers in immersion testing and offer 
no major advantages to conventional piezoelectric devices.
Various new probes will continue to be designed, such as air-coupled capacitance 
transducers (DA Hutchins, et al, 1994), and some may find application. However, 
none has yet made a major impact in practical applications.
3.3 Rolls-Royce practice
It is critical that, if  any large flaw were present in aerospace materiel, it would be 
detected before an affected component enters service. Consequently, extensive 
testing is performed at every stage of manufacture (ARM Walker, 1992).
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Titanium billet bar intended for compressor discs, or other critical components, is 
nondestructively tested by the manufacturer using ultrasound. This is usually 
accomplished by rotation in a water tank under a linear scanning probe.
The accuracy of an inspection (or ‘inspection level’) is generally quoted in terms of 
the smallest flat-bottomed hole (FBH) that would be reliably detected. ‘Reliably’ 
here means 99% sure that 99% of such defects would be detected. Flat bottomed 
holes are usually sized in /64th o f an inch. The current minimum inspection level is a 
‘#3 FBH’. That is, the inspection must reliably detect flat-bottomed holes 3/64” in 
diameter.
Slices taken from the bar at this stage are used for various destructive tests, 
principally tensile testing and metallography. Chemistry is checked, and other tests 
may be specified.
Rectilinear discs are also ultrasonically tested, by the forger. The disc is rotated, with 
the probe scanning at normal incidence and at ±5° (in water) from all sides. For more 
difficult pieces, a manual inspection may be suitable. Thick sections may require a 
dual scan - the first scan uses a focused probe to inspect 2 to 200 cm into the sample, 
and the second uses an unfocused deep probe.
Other inspection processes are also used, particular on the finished disc and welded 
rotor assembly. These include etching and binocular inspection, fluorescent penetrant 
inspection, and eddy current inspection. X-ray examination for porosity may be 
required.
Rolls-Royce uses ultrasonic data in two main ways. Firstly, it is a process monitor. It 
ensures the integrity of the parts. This can be extended beyond a simple pass/fail 
approach: attempts have been made to monitor material condition and grain size 
using ultrasonics.
Secondly, it is used for the probabilistic lifing of titanium and nickel discs. Defect 
rates are determined from ultrasonic test data gained from titanium billets and 
forgings, and an accurate appreciation of the smallest flaw that the technique can be 
sure of spotting is required. This is obtained by calibration against standardised test 
blocks.
The test blocks in question are standard artificial defects (SADs): FBHs in a test 
piece similar to the real part. Rolls-Royce engineering specifies a 0.025" diameter
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SAD standard. These are used to assess the peak response and its distribution, 
usually described by the range encompassing three standard deviations. The 3crn 
range of FBH response is typically 1.5dB in 12%Cr stainless steel calibration blocks, 
but could be 3 to 6dB in a titanium disc.
3.4 Representation of Scan Data
The simplest representation of data produced by an ultrasonic inspection is an 
A-scan, such as that in figure 10. To achieve this visual display, the voltage output of 
the ultrasonic detector is amplified and fed to the y-plates of an oscilloscope screen, 
with a time base applied to the x-plates. The time base is proportional to distance into 
the specimen.
A-scans can also be digitised, for storage or signal processing. An extremely fast 
sampling rate is required to retain all of the information retrievable from a scan. A 
typical rate, to produce sufficient accuracy without creating excessive data, is around 
100 MHz. Other representations serve to summarise the data from a number o f scans. 
Figure 11 illustrates the generation of an A-scan. Emission of the initial pulse will 
generally be off the left-hand edge of the display. There follows a period of ‘silence’ 
corresponding to the time taken for the pulse to travel to the front surface and back. 
Any objects introduced to the water tank between the probe and the part would be 
observed here.
The front surface reflection is a very large signal, and the amplifier has saturated, 
removing the peak signal, and the reverberations of this signal can take some time to 
decay. If the height of this signal were to be measured, the amplifier gain would need 
to be reduced. The back surface reflection is to the right, and may be followed by a 
noisy ‘hash’ caused by the back plate on which the sample rests. If  the back surface 
echo is to be measured, it should be against water, not a back plate or air.
The material response is contained between front and back surfaces. Figure 12 shows 
the relevant section of a real A-scan, taken from a part containing an artificial defect 
(a flat-bottomed hole drilled in from the back face of the test piece). A corresponding 
peak can be seen in the A-scan trace. The scan shown is unrectified, but A-scans are 
often seen in a rectified form.
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It is often convenient to set an alarm to sound if  a signal that exceeds a given 
amplitude is received from within the material. To do this, a gate and a gate level 
must be set on the A-scan trace. Flaw detector circuitry will then monitor the 
inspection, and alert the operator if  a signal within the gate area exceeds the gate 
level. With a flaw detector gate set, the probe can be rapidly scanned across a part (or 
the part rotated) to inspect large volumes in a reasonable time. If an alarm sounds, the 
operator can make a more detailed study of the suspect region.
Such a gate is marked on the A-scan in figure 10. In this example, the operator would 
have been alerted by the signal reflected from the flat-bottomed hole.
It should be noted that the inspection is not a continuous process: individual closely 
separated pulses are used. When choosing a scanning speed it must be ensured that 
the lateral distance travelled by the transducer between pulses does not exceed the 
beam width. The probe can be set to move continuously and pulse at a given rate, or 
to emit pulses only at given points (pulse-on-position). It is generally too time 
consuming to stop the probe during routine data collection, but where this is possible 
it does allow random electrical noise to be reduced by averaging over the dwell time. 
A B-scan is a line of A-scans forming a vertical slice through the test piece. It can be 
created by positioning the individual A-scans alongside one another, and plotting the 
amplitude on a grey or colour scale. Any reflecting feature within the slice will be 
seen as a dark region, and its position, depth and size can be measured. The 
disadvantage of a B-scan is that it can only illustrate scanning in one direction. An 
example is shown in figure 10.
A C-scan allows the representation of a scan over a surface area. The two dimensions 
in the plane of the display correspond to a plane perpendicular to the beam, with a 
colour or grey scale to display the results of the scan. Note that each A-scan is now 
represented by a single coloured pixel, the colour being determined by the maximum 
amplitude within the gated region of the A-scan. More powerful C-scan routines 
allow the storage of the full set of A-scans, and re-gating o f the C-scan for 
independent interrogation of different depth slices. Otherwise, no depth information 
is contained within a C-scan, as can be seen from the example in figure 10. C-scans 
are popular as they can be used to summarise a large volume of inspection data in a
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form that can be readily absorbed. When interpreting C-scans, the lack of depth 
resolution and the positioning of the gate must be remembered.
Time-of-flight scans are very similar to C-scans, except that no amplitude information 
is explicitly plotted at all. The colour scale again refers to the maximum peak within 
the gated region, but this time represents its depth rather than its amplitude. The idea 
is to pick out large but faint lateral features. Such features would show up on a 
B-scan, but would not be observed on a traditional C-scan since the reflected 
amplitude is not markedly different to the background noise level. However, a time- 
of-flight scan would show a preponderance of the colour corresponding to the depth 
of the lateral feature. This approach is not suitable for general inspection, but it has 
been used to follow the degree of lateral coherence remaining within welds (EJ 
Nieters, et al, 1995).
Rms and max A-scans are not standard methods of interpreting ultrasonic data, but 
are used in this thesis to characterise microstructural backscatter. Both take a 
coherent set of A-scans, collected in one pass of the probe over the test specimen, 
and summarise them in a single ‘rms’ or ‘max’ scan. The ‘rms scan’ looks at the first 
value from each A-scan, squares thes
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apparatus. It must be calibrated against some form of reference signal. We will return 
to this problem in a moment, but first we need to understand the units:
It can be seen that the bel is defined as a common logarithm of the power ratio. The 
decibel is a tenth o f a bel, and in ultrasonics it is usually amplitudes that are 
measured, not powers. The energy flow is proportional to the square of the 
amplitude. So <D, the gain in decibels, is given by:
Where ® is to be used as a measure of peak amplitude, Uout should be the signal 
corresponding to a deflection of half screen height on the oscilloscope. This is 
designated u00, and is a fixed value for that piece of equipment. Uin becomes the 
voltage received from the probe, Uj .The gain is designated O' since it is an 
uncalibrated value:
This decibel scale has several consequences. Firstly, it is a logarithmic scale. This is 
useful for describing the very wide range of amplitudes encountered during a test, 
and allows multiplication and division to be replaced by addition and subtraction. 
Secondly, it is inverted: a smaller dB value corresponds to a larger peak (since it is 
actually measuring the amplification necessary to bring this peak up to a given level). 
It is also important to avoid confusing amplitude measured in dB with the more 
traditional use in describing amplification and attenuation.
It is easy to become confused as to the physical significance of measurements in dB. 
Table 2 gives a quick comparison of dB with the equivalent ratios and changes. The 
most useful value to remember is that an increase of 6dB doubles the height o f an 
oscilloscope trace.
Gai„inbels = log10(PoweroutP %power input {3.4}
{3.5}
Peak height, ® '= 201og| {3.6}
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Table 2: decibel conversion chart
decibels nepers Ratio % change or error
-10 -1.151 1:0.316 68% decrease
-6 -0.691 1:0.501 50% decrease
-1 -0.115 1:0.891 11% decrease
0 0 1:1 no change
1 0.115 1:1.220 22% increase
6 0.691 1:1.995 100% increase
10 1.151 1:3.162 316% increase
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This table also introduces nepers. The neper is another unit o f gain, like the decibel.
Comparing this equation with {3.5}, a conversion factor can readily be derived:
=></> = 0.1150, or 0  = 8.686$*
Therefore, a gain of one neper is equivalent to 8.686dB. Although easier to 
manipulate mathematically, and so favoured by theoreticians, the neper is rarely used 
in practice. NDT ultrasonic practitioners generally prefer the convenient feel o f 
measurements in decibels.
The logarithmic scale as defined is not transferable from one ultrasonic test rig to 
another. Calibration is required, generally accomplished by comparison with a 
reference block. The procedure is that this standard reference block is inspected using 
identical conditions to those of the main test. The peak height of this standard 
reflection (Uref) is brought to the measurement level, and the gain level ( 0 rc/) noted, 
as before. The calibrated height for a signal Uj is then defined, in dB, by:
The scale is now defined against the reference, which is reproducible using other 
equipment, rather than the half screen height level, which is not. Various different 
reference blocks are available, and so it must always be stated what calibration 
standard a O value was measured against. The reflection from features such as 
infinite planes, ball bearings, and side-drilled holes have been used as references, but 
the most common calibration standards are flat-bottomed holes (FBHs). These 
parallel-sided test blocks have small holes drilled in one face, which are then
Unlike the bel, it is defined in terms of amplitudes and natural logarithms. Thus the 
gain in nepers, designated <|>, is given by:
{3.7}
. =  e* =  1 0 ®'20, </> =  ln (lO ® /20) =  — ln ( lO )
in 20 {3.8}
Peak height, O = 20 log
{3.9}
=  0’-0 re f
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machined to have a flat tip of carefully controlled diameter. This surface is inspected 
from the opposite face, and is a flat, frequency-independent reflector.
A flat-bottomed hole and the signals received from it can be seen in figure 10. Its use 
as a calibration standard is widespread, and the most common series have diameters 
described in 64ths of an inch. So a #4 FBH is a test block with a flat-bottomed hole 
4/64ths o f an inch in diameter drilled in one face.
Defect indications are usually quoted as fractions or multiples o f the signal from a 
FBH, as described above. For example, an echo described as 6dB above a #2 FBH 
has an amplitude roughly twice that of the reflection from a 2/64ths inch diameter 
flat-bottomed hole. Ideally, this would mean that the feature was twice the size of the 
hole. However, such comparisons can only be made if  it is known that the feature is 
flat, normal to the beam and displays a reflection coefficient comparable to the hole. 
The FBH test block must also be in a similar material to that under test, or a known 
correction factor applied, and be at a similar depth within the specimen. The 
distance-amplitude curve in water and the metal path length are further discussed in 
sections 3.7 and 6.5.
3.6 Operation of a Piezoelectric probe
This section follows a single ultrasonic test from the viewpoint of the pulse, in the 
geometry of figure 11, from generation through the test media and back for detection. 
Suitable equipment for this type of inspection is illustrated in figure 13.
The pulse is created within the pulser circuits of a commercially available device, 
termed a ‘pulse/receiver’ (which may form part of a ‘flaw detector’). The shape of 
this pulse is important in determining the shape of the ultrasonic pulse; a single 
voltage spike is commonly applied, exciting the piezoelectric element to produce a 
sine wave.
Bandwidth and pulse length are two common measures. Bandwidth represents the 
range o f different frequencies contained within the pulse, and the pulse length is 
simply the distance or time delay from the front to the back of the pulse envelope. 
The two are closely related: a shorter pulse will contain a wider band of frequencies.
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The electronic pulse travels through various amplifiers and cables before being 
applied across the piezoelectric element, and can pick up various noise signals along 
the way. A continuous stream of pulses is produced, with a repetition frequency 
(PRF) of up to 100 kHz.
This applied voltage pulse produces a corresponding mechanical pulse in the ceramic 
element. This pulse travels backwards and forwards within the ceramic material, with 
only a proportion of the energy being transmitted into the couplant, as described by 
the reflection and transmission coefficients introduced in equation {4.3}. The first 
transmitted pulse travels out from the probe as an ultrasonic wave. Damping 
materials within the probe are designed to suppress the wave generated in the 
opposite direction and subsequent reverberations.
The active width of the piezoelectric element controls the width of the ultrasonic 
beam produced. The nature of the ultrasonic pulse is also affected by the thickness 
and cut of the element, the damping, and the voltage pulse applied.
The simplest model of a piezoelectric transducer is to consider it as a simple piston. 
The resulting equation for the amplitude at an axial point a distance z from the probe 
follows a Gauss-Hermite function. However, even flat probes will often contain 
defects, resulting in markedly non-piston behaviour, and focused probes are 
common. A simplification commonly applied in modelling the far field (beyond the 
N-point) is to use a Gaussian beam shape (RC Chivers, et al, 1995: RB Thompson 
and TA Gray, 1983: RB Thompson et al, 1987: RB Thompson and HNG Wadley 
1989a: RO Claus and PS Zerwekh, 1983). This results in the following equation for 
the modulus of the beam intensity B(z), for probes with a focal length F (F J  
Margetan, et al, 1994a):
More complicated models are possible, but improved beam modelling is only 
possible if  some measurements are made on the beam. In this case, it is only 
worthwhile if  the accuracy can be matched in the modelling o f ultrasonic interactions 
with structural features. For this project, unfocussed probes were used, and {3.10} 
can therefore be simplified by putting F -*co.
4.356b2 {3.10}
0.56325vF
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Accurate measurements o f beam shapes have been made by various techniques, and 
are frequently observed in the literature (K Kawashima, 1984: NK Batra, et al, 1994: 
FJ Margetan, et al, 1994a&b). Simple measures for characterising the beam produced 
by a given probe are described in the next section.
The first interface that the pulse meets is likely to be the front surface of the part 
under test, producing a very large reflection. For example, reflection coefficients for 
the titanium/water interface are reported in chapter 4.
The transmitted portion of the pulse will travel on through the sample. Grain 
boundaries, porosity, defects, and other features within the material will all scatter 
and absorb energy, resulting in attenuation o f the beam. Different sections of the 
incident wave front will also pass through a slightly different set of microstructural 
features. This results in the wave front becoming slightly perturbed, i.e. it is no 
longer flat.
Reflections from within the sample, and finally from the back surface, have to travel 
back through the microstructure. At the front surface, a major proportion will again 
be reflected, and only a small fraction will be seen back at the transducer.
Reflections from features within the microstructure will be much smaller than the 
front and back surface signals. The magnitude depends upon the distance from the 
probe, shape, and size of the feature, as well as the acoustic impedance (Z) difference 
in comparison with the surrounding material. It should be remembered that the pulse 
has to travel to and from the feature: and so, for example, the distance between front 
and back surface reflections corresponds to twice the block thickness.
When the water-borne ultrasonic pulse arrives back at the face of the transducer, part 
o f it will again be reflected. The transmitted portion will cause compression and 
tension in the piezoelectric element, and the wave energy will be converted back to a 
voltage.
Various phenomena can occur within the transducer, which then affect the recorded 
pulse. One common example results from uneven wave fronts. Even where the wave 
front is initially flat, it may become perturbed due to the effects of surface roughness
B(z) =
4.356b2
{3.11}
0.56325vz
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or microstructural variation. This is usually termed wave front modulation and will 
be further discussed in the next section.
In addition to the signals received back from the surfaces, flaws, and microstructure, 
there will be noise signals from various sources. Some will be purely electrical in 
origin, from either stray signals or reverberations within the pulser/receiver circuitry. 
Others will correspond to mechanical reverberations within the transducer due to 
inadequate damping, or stray ultrasonic signals originating inside or outside the water 
tank.
‘Grain noise’ is the result of real reflections within the microstructure of the test 
piece. These are real signals, not noise, and are therefore referred to as 
‘microstructural backscatter’ in this report. This is the primary subject of the next 
chapter.
‘Ghosting’ is another common problem. These are clear well defined peaks formed 
from the reverberations of previous pulses within the ultrasonic tank. The majority of 
the energy emitted by the ultrasonic transducer never enters the test piece: it is 
reflected back towards the probe. At the probe, some is absorbed and measured but 
the majority is again reflected. If the water gap is such that this multiply-reflected 
pulse falls within the gated region o f the following pulse , it may still have sufficient 
amplitude to be mistaken for a flaw echo. Such ghosts are easy to spot; they move or 
disappear if  the PRF is altered, and they move through the signal when the water gap 
is altered.
Another problem results from the difference in magnitude between the front surface 
reflection and the flaw signals being looked for. In order to observe the flaw signals, 
the gain must be set at a high level. At these levels, the front surface reflection is 
huge. When it arrives, the amplifier will saturate and take a finite time to clear. Any 
other signals arriving during this interval will be missed, limiting the near surface 
resolution (NSR) of the test.
3.7 Characterisation of Piezoelectric Probes
Probes are generally described by their nominal frequency and diameter. Supposedly 
identical probes can show a marked variation in performance, and the same probe can 
behave differently on similar test rigs.
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The nominal frequency is generally obtained after estimating the period o f the 
dominant frequency, by counting the number of cycles observed in the reflection 
from a ball bearing across a calibrated time base. Caution is required, as experience 
shows that the nominal frequencies quoted by probe manufacturers are not always 
reliable.
Fourier analysis can also be used to analyse the frequency spectrum contained within 
the pulse. The peak should approximate to the nominal frequency, but there will 
often be a bandwidth of several MHz.
The diameter of a probe can also be an inexact measure. The mounting medium will 
generally constrain the edges of the vibrating element, and so the effective ‘piston- 
like’ diameter (or radius b) of the transducer is generally slightly smaller than a 
measurement of the face o f the probe.
These simple measures are used to identify particular probes, but any organisation 
active in NDE will have its own set of formal characterisation procedures (FJ 
Margetan, et al, 1994b: Rolls-Royce, 1991a). Measurements typically reported 
include frequency, beam width, the water distance-amplitude curve, metal path- 
amplitude curve, and the N-point.
This thesis further developed the Rolls-Royce approach. The procedures used, and 
resulting data, are reported in chapter 6.
3.8 Interpretation of S can Data
Obtaining defect indications (or rather proving that none exist) is the primary goal of 
ultrasonic testing, but other aspects of a scan can also be of use. The front surface can 
be used as a reference signal against which the back surface reflection is compared. If 
the sample dimensions are known, the time delay between the surfaces is a measure 
of the ultrasonic velocity. The difference in amplitude is a measure of the attenuation 
o f the test material (after noting the measurement difficulties discussed earlier in this 
chapter).
The level of background noise above which an indication rises, or in which it is 
hidden, may also be important. The primary source of ‘noise’ in titanium alloys is 
believed to be microstructural backscatter, and ways of quantifying this are discussed 
fully in the following chapters.
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It is often important to know not just the absolute height of a peak that may represent 
a flaw, but also its level in comparison to the surrounding electrical and grain noise. 
There are several slightly different definitions of this signal-to-noise ratio in use, and 
it can be important to understand the difference. Each of the following methods gives 
a definition, followed by an equation and the value calculated using the same scan 
data. The values used are shown in figure 14. These definitions can be based on data 
from any scan: an A-scan, the peak values of a B-scan, or values taken from a line 
drawn across a C-scan.
The obvious and most common definition is the ratio of the peak flaw signal to the 
peak noise level (w7) in the vicinity of the flaw,
S N R t  =  or in dB,= -  O,
ux {3.12}
— 0 .3 0 / — 9 S
— / 0.12  —
Peak noise levels are unreliable, and therefore SNRh although a useful guide, is not a 
statistically robust definition. It is preferable to use the root-mean-square noise level 
(it2) instead.
SNR2
2 u 2 {3.13}
— 0 .3 0 / — A 7
~  70.045 — '
Note that if  the A-scan is properly zeroed, the rms value U2 is also the standard 
deviation. The problem is that operators used to definition {3.12} expect a SNR 
above 1 to mean that a signal stands above the noise peaks: but this is not the case 
using {3.13}. This expectation is quite reasonable, and can be compensated for by 
multiplying u2 by a factor K.
s n r 3 = a&n.
3 K .u 2 {3.14}
— 0.30/  - 9 4
— 70.126 “
K u2 can be thought of as an idealised peak noise level, and therefore K  should be 
chosen based upon an understanding of the ratio between maximum and rms values 
of the noise distribution. Known statistical distributions can often be successfully
substituted for the real measured distributions, allowing K  values to be read from
statistical tables.
Page 50 Steve Foister, Surrey University Physics Department Page 50
T
he
 
In
t
e
r
a
c
t
io
n
 
of
 
U
l
t
r
a
so
u
n
d
 
w
it
h
 
th
e 
M
a
t
e
r
ia
l
 
St
r
u
c
t
u
r
e
 
of
 
T
it
a
n
iu
m
 
A
l
l
o
y
s
c/3
O
H
$
W
C/3
oz
oH
P
<zoN-1
C/3
U
Z
Z
WHWQ
£
o
aw
C/3
P
wHW
S
2
<cu
C/3
P
0
5
>
Q
Z
<
Z
c
u
C/31
c
Z
Tf
C/3
O
r o
o
(NO
o
(N
C/3 O
«N O (N
oo o o
sjjOA / a p n j i j d u i y
O h
St
ev
e 
Fo
is
te
r, 
Su
rre
y 
U
ni
ve
rs
ity
 
Ph
ys
ic
s 
D
ep
ar
tm
en
t
T h e  In t e r a c t io n  o f  U l t r a s o u n d  w it h  t h e  M a t e r ia l  St r u c t u r e  o f  T it a n iu m  A l l o y s
This sort of approach has been suggested by workers at General Electric (PJ Howard, 
DC Copley, and RS Gilmore, 1994b), although they consider the peak uflaw to be 
made up of signal plus noise, leading to the following definition:
u  ft - u
SNRt
K . u 2 {3.15}
=  °'30- 004X.i26 =  2 .0
This equation differs slightly from that printed in the above reference (PJ Howard, 
DC Copley, and RS Gilmore, 1994b). The General Electric work somewhat 
obliquely uses the mean of the rectified signal, u 3, and a K g „ based on the 
(approximately log-normal) distribution about this mean. They also consider noise 
peaks as rising out o f mean rectified noise levels. So, using K -  3.5 (DC Copley and 
PJ Howard, 1994):
SNR -  *
(u3+ K '.an) - u 3
= Uj,m —  {3.16}
K ' x t „
_  (0 .3 0 -0 .0 3 6 )/ — D Q
~  /(3 .5x0 .027 ) ~
Signal to noise ratios should only ever be used as a rough ‘rule of thumb’ for how 
clear an indication was once detected: not for whether or not it would be detected.
For this purpose, the initial simple SNRj definition will suffice.
Other approaches have been reported here to avoid confusion. The implication in the 
papers referenced above is that signal to noise ratios equate with detectability. No 
such direct relationship exists. Thus General Electric’s approach ({3.16}, which 
ignores the nature of ultrasonic noise distributions and reports inflated signal-to-noise 
ratios) could mistakenly give the impression of improved detectability. If reported to 
design engineers and aviation authorities, this could potentially lead to a substandard 
inspection being accepted, ‘safe lives’ for components being exaggerated, and an 
increased risk of failure.
Block thickness or velocity can be measured ultrasonically. The time delay between 
the front and back surfaces (t01) is a simple function of the thickness o f the part (z01)  
and the average longitudinal ultrasonic velocity (v),
2 z 01 = v t 0l {3.17}
The pulse has to travel through the block twice, producing the factor o f two.
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Therefore, if  either the ultrasonic velocity or the block thickness is already known, 
then the other can be calculated. This is the basis of most methods of ultrasonic wall 
thickness measurement.
Accurate ultrasonic velocity measurements are useful in developing ultrasonic 
theory, and they are a common method of determining elastic constants (as discussed 
in section 2.5). Ultrasonic velocity measurements have also been suggested as a 
means of detecting non-scattering flaws, such as graded uncracked hard-a (FJ 
Margetan, et al, 1994a). For a uniform thickness of plate or disc, the back surface 
echo will ‘move forward’ slightly under a hard-a defect due to an increased 
ultrasonic velocity. Unfortunately, these changes are very slight and commonly 
swamped by other effects. The method has not been applied practically.
Attenuation can be monitored during an ultrasonic inspection by following the height 
of the back surface echo. If this is seen to decrease markedly (even disappear), then 
either a defect that hampers the propagation of ultrasound is present, or 
microstructural changes have occurred. Whichever is the case, the part must be failed 
since a reliable inspection is not possible. The attenuation of ultrasound is further 
discussed in section 3.11.
The background noise level experienced during ultrasonic inspection has already 
been mentioned in this chapter. It can be divided into two main causes. The ‘true’ 
noise signal is predominantly random electrical fluctuations, and can be minimised 
with the use of good quality equipment and/or suitable processing packages. ‘Grain 
noise’ is more of a problem. This results from reflections at grain boundaries and 
other microstructural features, and is not strictly noise at all.
This phenomenon will be discussed further in the next chapter. For present purposes, 
it is noted that a backscatter coefficient rj can be defined and measured using root- 
mean-square noise levels and a suitable measurement model (either theoretically or 
experimentally based). This coefficient is a property of the material under test, and 
we will attempt to develop relationships between r\ and basic material parameters. 
The aim is to model noise levels of theoretical materials, and to use measured noise 
levels to characterise microstructures nondestructively.
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3.9 Wave front modulation
If an incoming ultrasonic wave front is perturbed, or modulated, its full amplitude 
will not be recorded, and the exact behaviour of the system becomes extremely 
difficult to model. The problem is that a piezoelectric transducer averages the 
complex amplitudes arriving at different parts o f its active surface. The effects 
become clearer if  we consider a few idealised amplitude distributions across the 
transducer.
A ‘worst case’ scenario could result from a stepped wave front. That is, when one 
part o f the piezoelectric element is in compression, and the other is in tension. The 
two may cancel to produce no net voltage. Note that the wave front step needs to be 
exactly 7J2 deep (corresponding to a XI4 step in the feature) to produce complete 
destructive interference. It should also be remembered that we are dealing with 
pulses, not continuous waves. If we started with a single wavelength sine wave pulse, 
the first half-wavelength from the upper step would be recorded, as would the second 
half-wavelength of the lower step signal. They would be separated by half a 
wavelength of ‘silence’ due to complete destructive interference.
Another possibility to consider is a smoothly varying wave front, rather than one that 
is sharply stepped. This wave front can be described by a spatial wavelength. I f  the 
width of the transducer is larger than this spatial wavelength, then destructive 
interference between different phases of the pulse can occur in a similar manner to 
the stepped wave front. However, if  the spatial wavelength is much larger than the 
probe, the wave front may appear flat. It can thus be seen that measured ultrasonic 
amplitudes can depend upon probe size. In the limiting case of an infmitesimally 
small transducer, the wave front will generally appear flat.
During ultrasonic testing, flat or curved wave fronts with small random perturbations 
usually result, due to wave front modulation. Such a wave front could be described as 
a Fourier combination of sinusoidal wave fronts with a range of spatial wavelengths. 
However, the geometries o f nondestructive evaluation are already complicated 
enough, and ultrasonic wave fronts are generally assumed flat. The resulting 
predictions can thus only be considered as upper limits for the measured pulses, as 
they assume no destructive interference within the transducer.
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3.10 Ultrasonic Velocity
The ultrasonic velocity of a pulse in a given host medium will be a function o f the 
stiffness of that medium. Therefore ultrasonic velocity measurements are commonly 
used to determine elastic constants (e.g. ES Fisher and CJ Renken, 1964: RFS 
Hearmon, 1966: JW Flowers et al., 1964). Velocity changes within a material, caused 
by variations in alloying, phase, or orientation, are a primary source of 
microstructural backscatter. Ultrasonic velocity measurements are required in order 
to calculate the depth of observed flaws.
Unless otherwise stated, in this report ‘velocity’ refers to the longitudinal group 
velocity. However, there are several different ultrasonic velocities for elastic waves 
in a given medium. An ultrasonic pulse is a short packet of energy, which travels 
through the host medium with the group velocity v.
This velocity will vary according to the polarisation o f the elastic disturbance: 
longitudinal waves will generally be faster than shear modes. The two shear modes 
will be degenerate in fully isotropic media, but otherwise they too will propagate 
with different velocities.
An ultrasonic pulse consists of a ‘wave train’ within the envelope described by a 
short energy packet. The velocity with which the wave form moves forward need not 
be the same as that of envelope. It is described by the phase velocity v , the rate at 
which the wave front propagates. A continuous elastic wave would have a phase 
velocity, but no group velocity. The dispersivity of a medium is a measure of the 
difference between the phase and group velocities. For our purposes, the dispersion 
of ultrasound in titanium (and most other metals) is not significant (J & H 
Krautkramer, 1977), and so the difference between phase and group velocities can be 
safely neglected.
A single wave mode within a given crystalline medium will have a range of 
velocities, depending upon the orientation o f a crystallite with respect to the 
propagation direction. The relevant equation {2.10} was derived in the previous 
chapter. Where single values are quoted for the ultrasonic velocity in a given 
material, they will correspond to measurements taken from an isotropic 
polycrystalline block. In such samples, the velocity is effectively averaged over all 
possible crystallographic orientations.
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The most common method for measuring ultrasonic velocity within a solid material 
is to obtain a parallel-sided test piece of known dimensions and measure the time 
delay between the front and back surface echoes, or between back surface repeats. 
Measuring the time delay between these echoes enables the velocity to be monitored, 
and variations investigated.
This is the basis of ultrasonic wall thickness and texture measurement. Since the 
measurements are frequently required in situ, and the necessary amplitude resolution 
is lower, a much greater variety of probes is in use than for flaw detection. Lasers and 
EMATs in pulse-echo and through-transmission mode have found particular 
application where the test piece is hot (C Edwards, et al, 1994: C Scruby, 1995). 
Table 3 lists some typical ultrasonic velocities reported for bulk materials. Velocities 
in water are also frequently required, and they are plotted as a function of 
temperature in figure 15.
O f particular importance to this project are values for titanium, its alloys, and 
possible defects. Variation in ultrasonic velocity with crystallographic orientation, 
alloy content, and interstitial elements is a major concern for scattering models, and 
the necessary literature values for these (where available) are contained in table 4. As 
we are dealing with aerospace grade, fully-dense materials, porosity effects are not 
directly relevant to this report, but are well studied elsewhere (R Truell, C Elbaum, 
and BB Chick, 1969: BR Tittmann, et al, 1978 & 1984: CM Sayers and RL Smith, 
1982: VK Varadan, et al, 1985).
The dominant factor affecting ultrasonic velocity is the stiffness of the host medium, 
described by the elastic constants. For a perfect single crystal, the longitudinal 
ultrasonic velocity is given by:
propagation. When this does not coincide with the crystallographic z-axis, a rotation 
o f axes is required. The result is given in {2.10}, relating C33' to the single crystal Cy 
values.
{3.18}
C33' is the elastic constant relating stress to strain in the direction of pulse
Page 56 Steve Foister, Surrey University Physics Department Page 56
Th
e 
In
te
ra
ct
io
n 
of
 U
lt
ra
so
un
d 
wi
th
 
th
e 
M
at
er
ia
l 
St
ru
ct
ur
e 
of
 T
it
an
iu
m
 
A
ll
o
y
s
f i l i a l  p s p n q s )
X) uoiTBnuspiv 
o o oo o o(N o
o
o
o
(NII
o
aU3H<
£
QWJJ
HCA)
5
z
QzDo
GT5
U-
O
z
o
H
P
ZPHH
Q
Z
<
>P
uoJP
>
o
CN
o<N
O
o
o oo o oo(N <N
S  I I I /  ( 3 U I [  p p o s )  ‘ A  X p O O [ 3 ^ \
iin
aju3
.Sf ifa Pa
ge
 
57 
St
ev
e 
Fo
is
te
r, 
Su
rre
y 
U
ni
ve
rs
ity
 
Ph
ys
ic
s 
D
ep
ar
tm
en
t 
Pa
ge
 
57
T h e  In t e r a c t io n  o f  U l t r a s o u n d  w it h  t h e  M a t e r ia l  St r u c t u r e  o f  T it a n iu m  A l l o y s
Table 3: ultrasonic velocities of bulk materials
values taken from  ASM  (Bar-Cohen, Y, 1980)
Material Density Ultrasonic velocities Impedance
P ,
/kg. m~J
Longitudinal
/km.s~l
Shear
/km .s'l
z ,
/ I  ()6 kgm '^s 'l
Aluminium 1100-0 2710 6.35 3.10 17.2
Copper 110 8900 4.70 2.26 41.8
Pure lead 11340 2.16 0.70 24.5
Magnesium M IA 1760 5.74 3.10 10.1
Mercury 13550 1.45 NA 19.5
Molybdenum 10200 6.25 3.35 63.8
Pure nickel 8800 5.63 2.96 49.5
Inconel 8500 5.82 3.02 49.5
Annealed carbon steel 7850 5.94 3.24 46.6
Cast iron 6950-7350 3.5-5.6 2.2-3.2 25-40
304L stainless steel 7900 5.64 3.07 44.6
Ti (commercial purity) 4500 6.10 3.12 27.5
Tungsten 19250 5.18 2.87 99.8
Air 1.29 0.331 NA 0.0004
Glass 2500 5.77 3.43 14.4
Water 1000 1.49 NA 1.49
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Table 4: longitudinal ultrasonic velocities in titanium and its alloys
a) ultrasonic velocities in a-Ti, in m/s:
Material Single-crystal
velocities
Polycrystalline
velocities
Reference
Fast slow Voigt average
pure a-Ti 6339 5997 6071
<v>=6068
Fisher (1964), in 
Hearmon (1966)
See section 3.10 and 4.7
pure a-Ti 6374 5847 5997
<v>=5987
Flowers, 1964
See section 3.10 and 4.7
pure a-Ti 6339 5960 6034 Han, 1994
a-Ti-6Al-lV 6592 6198 6279 Rose, 1993
a-Ti-6Al-4V 6198 5829 5899 Han, 1994
(colonies)
a-Ti-6Al-4V 5886 5604 5843 Han, 1994
(macrograins)
a ’-Ti-6.8Al 6769 6366 6452 Han, 1994
b) variation of ultrasonic velocity in a-Ti with alloying additions
Effect on ultrasonic velocity Effect on Ti alloy density
Vanadium
^ » - 0 .0 4 2 ^ ( w t .% )  Ha“ ’ 1994 1 wt% V *  0.94at% V  DeVenezia 
plkg.m~3 «4510  + 150wl%F 1988
Aluminium
30iJ « 0.02254/(wt.%) Han’ 1994 -  32 wt% A l DeVenezia 
\w t% A l« \.16at% Al 1988
Nitrogen
8Cjj n/N Brasche, 1992
— - « -0.035V(wt.%) t.
C Gighotti, 
v / m s '1 *60022 1994 and 1995
+ 6U 6N(at% )
c = 0.4678 + 0.00088JV(a?%) Wriedt,
a = 0.2940 + 0.00027N(at% ) 1987 
p  = 4504 -  3 . 6 3 (a/%)
Oxygen
v im s '1*  60022 Gigliotti,
. zA'i-inr *o/\ 1^94 and 1995 + 54.310K /„) Hsu> 19?1>
—  « 0.05O(utf %) Thompson 
v 1992
So Hsu, 1971,
o.oio (h*%) Thompson>
1992
Where a and c are the Ti alloy lattice constants
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When considering polycrystalline materials, one simplistic approach is to average 
velocities (proportional to VC330) over all possible orientations (this assumes the 
material to have random texture). The ‘bulk’ velocity would then be given by:
nil
(v) = Jv(#)sinOdO {3.19}
0
Numerically evaluating {3.19}, using the velocities described by {2.10}, produces 
the <v> values for titanium listed in table 4. This obvious approach is easy to follow, 
but is only valid where the ultrasonic pulse ‘sees’ each individual grain, and is not 
significantly refracted away from linear propagation through the bulk material.
A more physically realistic approach to polycrystalline materials is to average the 
elastic behaviour, rather than the resulting velocity. Equation {3.18} still applies, but 
with C33' replaced by a material average value, as discussed in chapter 2. If  random 
texture is again assumed, a simple Voigt average is the appropriate value for C330, as 
given by {2.11}.
The ultrasonic velocity can also be affected by the scattering behaviour of the 
material, specifically the ‘forward-scattering’. This has been reviewed by colleagues 
(LW Anson and RC Chivers, 1993), and observed in highly porous metals. For the 
fully-dense materials of this study, the effect is not expected to be significant.
Table 3 contains some modelled ultrasonic velocities. The values listed as ‘Voigt 
velocities’ were calculated using C330 {2.11} as the elastic constant in {3.18}, and the 
single crystal Cy s and densities of table 1. Single crystal ‘slow’ and ‘fast’ directions 
were calculated using {2.10} as the elastic constant, and examined for maxima and 
minima as a function of 0. The maximum occurs along the hexad axis in hexagonal 
materials, and minimum velocities are observed in the basal plane.
These tables have important implications for scattering and flaw detection, and they 
will be further discussed in chapter 8.
3.11 Ultrasonic Attenuation
Ultrasonic waves do not travel smoothly through heterogeneous media. They are 
absorbed and scattered by host materials, resulting in a decrease in the amplitude or 
energy of the pulse. The wave is said to be attenuated, and the phenomenon is known 
as attenuation.
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Attenuation is the decrease in amplitude of an ultrasonic pulse with distance 
travelled. It is a characteristic of the host medium, but is also dependent on the 
polarisation and frequency of the pulse. The attenuation coefficient, in nepers per 
metre, is usually defined as the variable a  in the one-dimensional wave equation 
{3.1}. It can also be defined by:
f - a S z
f  \
=  u - e '
a  = — In 
Sz
U.
Y ^ z+ S z J
{3.20}
Note that a term for the beam profile should be included to remove the effects of 
‘beam spread’ ({3.10} and {3.11}). The definition of nepers and conversion to dB 
were discussed in section 3.5.
Several mechanisms can cause the attenuation of an ultrasonic pulse. They fall into 
two main categories, absorption and scattering.
^  ^ s c a t te r  ^ a b so rp tio n  {3.21 }
Although not truly a source of attenuation, various other effects (such as wave front 
modulation and surface quality) can also affect measurements reported as 
‘attenuation’ by all but the most careful practitioners, and so:
^ m e a su re d  ^ s c a t te r  ^  absorption ^ m o d u la tio n  {3.22}
Care is required in reviewing attenuation, as many literature sources do not 
acknowledge this distinction. Indeed, absorption and attenuation are often used 
interchangeably (in error), and measurement effects may or may not be considered. 
Therefore, this distinction must be clarified.
Part of the energy of an ultrasonic pulse will be absorbed by various mechanisms and 
dissipated as heat as it passes through a host medium. These mechanisms can be 
thought of in terms of hysteresis losses on the elementary particle displacements, or 
internal friction. A detailed consideration of the physics will not be given here, but in 
polycrystalline materials such mechanisms are usually characterised by a linear 
dependence on frequency (BA Auld, 1990: EP Papadakis, 1968).
When an ultrasonic pulse encounters a boundary, a fraction of its amplitude is 
reflected proportional to the acoustic impedance mismatch across that boundary (this 
will be further developed in the next chapter). This effect is produced by both defects 
and normal microstructural features, such as grain boundaries. The result is that the 
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transmitted pulse contains less energy: it has been attenuated. This scattering 
behaviour is distinct from (and, in polycrystalline materials, generally outweighs) the 
component of the attenuation due to absorption.
The effects of wave front modulation have already been mentioned in 3.9. As the 
pulse travels through the material microstructure the wave front will be modulated as 
well as attenuated. If we are comparing front and back surface echoes, the front 
surface response may be reasonably planar, and so its full energy would be recorded 
by a transducer. However, a back surface echo will be modulated. Therefore, in 
addition to attenuation losses, some of the energy present in the returning pulse will 
be lost due to the phase-sensitive detection characteristics of the piezoelectric 
element. The apparent ‘attenuation’ will thus be increased.
This is commonly observed in practice. For example, if  attenuation is measured in a 
test block, the block cut in half, and each half then remeasured, the attenuation values 
in the two halves will not equate with that measured in the whole (A Cowling, 1994). 
Nagy and Adler (1987) have compared attenuation measurement techniques, and 
noted similar effects.
Another complication is the beam profile, sometimes described as ‘beam spread’.
The ultrasonic beam will naturally decrease in intensity with distance from the 
transducer, as the energy is spread over a wider area, and this effect must be 
distinguished from attenuation due to the host medium. Equations {3.10} and {3.11} 
have already been presented to model this behaviour.
The attenuation of a test block is generally estimated from the relative heights o f the 
front and back surface echoes. These are controlled by the transmission coefficient 
between the material and surrounding medium Tl2> beam shape B[z], and attenuation 
o f the intervening material a . If the reflection coefficients and beam shape are 
known, the attenuation can therefore be calculated, using:
Ubact/Blz  il = r v v  {3.23}
Uf„„/B[z0]
The above equation assumes that the reflection conditions at the front and back 
surfaces are the same, the faces are of similar quality and parallel, and no allowance 
is made for wave front modulation.
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These values are usually quoted in dB/mm. To obtain an accurate estimate of the 
reflection coefficient from such measurements requires allowance for reflectivity of 
the medium, beam shape, and diffraction - and this can be performed using 
measurement models, as described in the next section. The units must also be 
converted to nepers/metre.
A slight variation of this approach is to use repeats of the back surface echo. A more 
practical approach to estimating relative attenuations is to compare the back surface 
reflection from the test piece with that from a ‘non-attenuating’ reference block of 
the same dimensions.
All these methods can fall prey to the difficulties already outlined. They rely on the 
quality of the reflecting surfaces, and assume planar wave fronts. An alternative 
‘continuum’ method is to consider the noise level as a function of depth within a 
sample. If  the material is homogeneous, this will only vary according to the 
attenuation of the pulse heading towards the scatterer, and the attenuation of the 
returning backscatter. This can easily be modelled in terms of a , using the 
measurement models developed later in this chapter. Attenuation can then be 
measured by determining the a  required in the measurement model to bring the 
corrected noise levels to a uniform height throughout the depth of the material (FJ 
Margetan, et al, 1994a: CB Guo, P Holler, and K Goebbels, 1985). The resulting 
‘continuum’ a  values avoid any consideration of surfaces, and best fit the definition 
of attenuation given above. Despite these advantages, it is not in general practical use 
amongst NDT practitioners. This is because attenuation measurements relative to 
some standard, rather than absolute numbers, are usually sufficient. The simpler 
approaches are satisfactory for this purpose.
For example, Allison et al (1984) performed a careful study of the attenuation in 
titanium-6-4 after various heat treatments, using back surface reflections. The lowest 
values were reported for a/(3-quenched samples, and the highest for (3-annealed 
material. Unfortunately these results do not appear to have been corrected for 
measurement conditions, and so the values of 4.1 and 14.5 nepers/metre cannot be 
taken as absolute figures, only relative measurements.
Margetan et al (1994a) recorded the attenuation of Ti-6246 as a function of 
frequency, increasing from 0.03 nepers/metre at 6 MHz to 0.09 at 19 MHz. These
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figures were presented as if  ‘absolute’, but no detailed calibration is documented. 
Therefore, they must be taken as estimates of the relative variation with frequency 
only.
Attenuation is generally considered a problem to be avoided in NDE, but it can be 
used to determine information about the micro structure (R Klinman, et al, 1980: DK 
Mak, 1986: LC Lynworth, 1969: S Serabian, 1980). For example, Willems and 
Goebbels (1986) estimated the continuum attenuation from the backscattered noise 
trace at two frequencies. By assuming absorption was proportional to frequency, and 
scattering proportional to the grain size cubed and the nominal frequency raised to 
the fourth power (d3f )  they were able to estimate relative grain sizes. Using a 
reference piece with known microstructure, the grain sizes of 200 steel specimens 
were determined to within Vi an ASTM grain size.
A scattering model is developed in chapter 4 of the present work, and used to 
describe attenuation in section 4.10.
3.12 Measurement Models
The signal received back from a flaw, front surface, or microstructural feature is 
dependent upon the nature both o f that feature and of the inspection system. 
Commercial practice is to calibrate the system against a series o f flat-bottomed holes, 
allowing values to be quoted and reproduced by others with equivalent flat-bottomed 
holes. An alternative approach is to model the measurement system, and develop a 
correction factor M  for system effects. This method requires a greater understanding 
of the test process and underlying physics. However, the results obtained should be 
more rigorous.
It is particularly suitable for characterising noise and backscatter levels, as their 
behaviour is very different from flat-bottomed holes. This approach can be 
summarised as:
measured noise level = M • «Jrj {3.24}
r| is the backscatter coefficient, as first introduced in section 3.8. rj will feature 
prominently in the rest of this thesis; particularly in the next chapter.
An experimental method to estimate M is based on accurate measurements taken 
from a series a flat-bottomed holes, with differing metal path lengths. Figure 16 is a 
plot of the peak signal received from such a series o f holes, for three transducers.
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This is further discussed in chapter 6. However, the plotting of such graphs is 
tedious, and it is often unclear how the signal from a real flaw relates to that from a 
FBH.
Theoretical approaches to the beam shape in water were discussed in section 3.6, and 
equation {3.10} can be used to estimate beam behaviour in metal, in the far field. 
Figure 16 shows such a Gaussian (given by {3.11}) for the 15 MHz transducer. 
Although the inspection illustrated used some of the near field, a reasonable fit to the 
data is obtained. Therefore, a Gaussian beam shape, calibrated against a single 
standard reflector, could replace the series of FBHs.
A complete measurement model would not require calibration against a standard 
receiver, but this has not yet been achieved. Thompson (R.B., 1995) and co-workers 
have attempted such a model, but even with all the assumptions made, they were still 
unable to estimate the transducer efficiency (usually called p) without a reference 
signal.
The reference signal can be from any feature, as long as it is accurately modelled. 
The simplest reference is the echo from the front surface of the test piece, and this is 
used in all the measurement models developed here. One such model is developed 
later in this work {4.16}, for the specific case of attenuation measurement. 
Measurement models have been used to calibrate microstructural backscatter, as 
described in section 4.12.
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4 Ultrasonic Interactions w ith  M icrostructural Features
4.1 The Interaction of Ultrasound with Planar Interfaces 
When an ultrasonic ‘beam’ encounters a planar interface, part of its energy will be 
reflected and part refracted. This is analogous to a ray of light incident on a glass 
block, the directions of the rays being controlled by Snell’s Law:
sin6)i -  vi {4.1}
sin 02 v2
With ultrasound, there are additional possibilities due to mode conversion. Figure 17 
shows the waves that could be produced. All of these waves obey Snell’s Law, but 
they do not all have the same velocity. The proportion of the incident energy that is 
directed along each of these paths can then be determined from direction dependent 
reflection and refraction coefficients. Examples are shown in Figure 18.
Software packages known as ‘ray tracers’ are available which track ultrasonic pulses 
through multiple reflections inside complex parts. They are discussed later in this
In the simplest possible case of normally incident longitudinal ultrasound, no mode 
conversion occurs. We need only consider a single reflected and a single transmitted 
ray. Figure 19 is a schematic of a longitudinal pulse in Perspex normally incident on 
a steel block.
The coefficients Rn  and Ta  are used to describe the proportions of the ultrasonic 
amplitude reflected and transmitted (refracted) at a boundary, when a plane wave in 
medium 1 impinges upon medium 2. These coefficients can be derived in terms of 
the acoustic impedances Z of the two media (J & H Krautkramer, 1977).
We must be clear as to whether we are describing power (intensity, energy flow) or 
amplitude. The equations above describe the amplitude reflected or refracted, and 
amplitude coefficients will continue to be used throughout this report. However, for 
the sake o f completeness the equivalent expressions in terms of power are given 
below (Y Bar-Cohen, et al, 1980).
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Figure 17: Sn e l l ’s law  and m ode conversion
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Figure 18: R e f l e c t i o n  a n d  r e f r a c t i o n  a s  a  f u n c t i o n  o f  i n c i d e n t  a n g l e
Partition of acoustic energy at a water/steel interface, by angle of incidence. The 
energy reflection coefficient, Rp, is equal to 1 -  (Lp + Sp), where Lp and Sp are the 
energy transmission coefficients for the longitudinal and transverse (or shear) waves.
(From ASM  Metals handbook, volume 17, page 237)
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Figure 19: R eflec tio n  and transm ission  c o e ffic ien ts
Amplitude coefficients (equation {4.2}): Power coefficients (equation {4.3}):
z i = A vi 
R _  (Z 2 ~ Z1),iv|7
Power  =  \ Z U ‘
(z2+z,) '(z2-z,)
(z2+z,) =  1 + 1? 4Z 2Z,
(z2 + z,)_ 
(z,+z,)2
Using these equations, the interaction o f a waveform with an interface can be 
calculated. One example is shown schematically below, with a waveform of 
amplitude 1 in Perspex incident upon a steel interface, and vice versa. For normal 
incidence:
wave
1 .oo— —~ --
t r a n s m i t t e d  w a v e
-0.13
.87
perspex
z-a x is
perspex steel
z-ax is
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Power = j Z U 2
2
{4.3}
4 Z2Z , /
/ ( Z 2 + Z ,)2
For titanium immersed in water, these equations give the following results:
p Ti = AAWkg.m 3 
vTI = 6200m.s~xTi
P*«er =997kg. 
v , mr =l500m.s-'
500kg.m~3.m.s~l
Ti,w ater
T i,water
water,TiTi,water
water,TiTi,water
{4.4}
For linear waves reflected at a planar interface, the reflection coefficients require no 
information about the pulse - the behaviour is independent of frequency. The phase 
o f a reflected or refracted wave is continuous with the incident wave, except in the 
case of reflection at a boundary with a medium of lower acoustic impedance. Here, a 
phase shift of n (180°) occurs. This can be observed in the reflections from the front 
and back surfaces o f a block in water, as schematically illustrated in Figure 11. Note 
that this phase shift is indicated by a negative reflection coefficient, e.g. RTi)Water 
above.
4.2 Interaction with a one-dimensional microstructure 
Figure 11 shows a planar wave front incident on a titanium block with a ‘one- 
dimensional’ layered micro structure. Each layer is a pure single crystal, thick in 
comparison to the ultrasonic wavelength, and the boundaries are sharp and coherent. 
This greatly simplifies the resulting interactions, since we now only need to think in 
one direction, and we can develop a simple model for the behaviour of this material. 
When the pulse first encounters the block, the majority of it will be reflected due to 
the mismatch in ultrasonic impedances between water and titanium. This reflected 
beam will travel back to the transducer and be detected. The transmitted beam 
continues through the first crystal, with a small amount of absorption, until it reaches 
the boundary with the second crystal.
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Now, these two crystals are unlikely to display identical properties. Even if  the 
material is single-phase, there will still be differences in alloying element content and 
crystallographic orientation. Elastic properties and therefore ultrasonic velocity vary 
with both, and so a small Z-mismatch can result. This produces a correspondingly 
small reflection. The reflected beam will head back towards the transducer, but must 
first cross the titanium/water interface.
A consideration of the effects of transducer efficiency, reflection coefficients, beam 
shape, and attenuation allows us to write down an expressions for the peak signal 
reflected from the front surface (U01) and the grain boundary (Ufeature):
U0l — P Uo exp{—2ccwaterZo}B(zo}RQX ^
f^eature = /? U 0  ^ P i ~ ^ exp{~2Q!z'}B(z')i?fcalll„
If  we then use the front surface reflection as a calibration standard, we can divide 
these expressions to remove the (unknown) transducer efficiency:
f^eature eXp{-2oz'}B(z')i?ffeature {4.6}
u n  B ( z 0) R 0X
This model is adequate for flat reflecting surfaces, but it does not allow for the width 
o f the feature and the pulsed nature of the incident wave. Consequently, the beam 
model must be integrated over a volume defined by the gate limits and beam width. 
The simplistic approach of the above equation has been further developed by several 
authors, and has been applied to nondestructive evaluation and medical applications. 
These papers have been well reviewed by my colleagues at Surrey University (RC 
Chivers, et al, 1995: LW Anson and RC Chivers, 1993).
Reflections such as these at grain boundaries have two effects. Firstly, the returning 
signals from grain boundaries (known as ‘grain noise’ or microstructural backscatter) 
can obscure signals from genuine flaws such as cracks and inclusions. Secondly, 
some of the ultrasonic pulse has been lost into the reflected beam. The transmitted 
beam has therefore been attenuated. These two effects will both be discussed later in 
this chapter, and the simple picture developed into a mathematical model.
In order to develop this approach to resemble real microstructures more closely, we 
would need to make several changes. Firstly, staying within the ‘one-dimensional’ 
model, we would need to account for grain and grain boundary thickness.
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Grains need to be thicker than the pulse length in order to be clearly discerned - very 
small grains approach the point scattering approximation dealt with in the next 
section. Grain boundaries also have a finite thickness, and as they become thicker the 
reflected signal becomes longer. The total signal reflected does not change, but the 
peak height drops.
Secondly, as the grains stop being flat with infinite lateral extent we have to take into 
account the effects of boundary shape and non-normal incidence. Scattering 
encounters will no longer be coherent reflections. Grain boundaries will still run 
continuously across the structure, but now as a three-dimensional net rather than a 
series of sheets.
Finally, we need to look again at the transducer and wave front. Beam models more 
physically justifiable than a simple ray will be required, and different parts o f the 
incident wave front will now encounter different parts of the microstructure. 
Consequently, even when the beam is initially planar it may not be after it has passed 
through a few grains.
Although the ‘one-dimensional’ interaction-by-interaction approach described above 
will be developed mathematically later in this chapter, its usefulness as a model for 
real microstructures is limited. An alternative approach is to consider infinitesimally 
small grains, rather than grains of infinite extent. Real microstructures will then lie 
between these two limiting cases.
4.3 The Interaction o f Ultrasound with Point Scatters
Very small flaws or grains can be approximated as infinitesimally small ‘point 
scatterers’. A point scatterer absorbs a proportion o f the elastic wave energy incident 
upon it, and re-emits this energy evenly in all directions - effectively acting as a 
secondary source. Finite surfaces can be approximated as an array o f point scatterers 
(Huygen’s principle).
If the grain size of a material is negligible in comparison with the incident 
wavelength, then figure 11 will not be a suitable representation of the interactions 
occurring within the material. In such a microstructure, it can be theorised that the 
pulse does not ‘see’ each individual grain. So, rather than modelling scatter as 
proportional to a difference in acoustic impedances across a grain boundary, we can 
now model an individual ‘point-scattering’ grain as being embedded in an effective
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homogeneous medium, as illustrated in Figure 20. The scattering is then proportional 
to the difference between the acoustic impedance of that grain and the bulk average 
value.
The scattered energy must also be related to the energy absorbed by the particle prior 
to reemission, which is dependent on the cross-sectional area of the grain 
encountered by the incident wave front. There is of course a potential conceptual 
difficulty here in assigning a cross-sectional area to a point scatterer.
Once we have determined the effect of a single centre, we will need to calculate the 
attenuation and backscatter caused by an ensemble o f such scatterers. The simplest 
approach is simply to multiply the average amplitude scattered per centre by their 
number density. The averaging scheme decided upon would need to consider the 
mechanism underlying the formation of the observed inhomogeneities, and depth 
dependence will need to be approached differently for attenuation and backscatter. 
This is further developed later in the chapter.
This ‘independent scattering’ approach assumes that scattered powers can be added. 
The validity of this assumption is also discussed later. In contrast with reflection, 
scattering is strongly dependent on frequency. The limiting (point scattering) case is 
proportional to f4.
Shape is not a consideration in the point scattering limit, as the grains are taken to 
have a vanishingly small volume. As the grains become larger with respect to the 
incident wavelength, this approximation breaks down. Once the grains have a finite 
cross-section, there will be a scattering area that shows some degree of coherence. 
This will result in a decreased frequency exponent, reducing with larger flatter grains 
towards the limit of frequency-independent reflection from a planar surface.
4.4 Real Interactions
If  the above two models are compared, a gradual transition can be imagined from the 
incoherent, homogeneous A-scan (with f  dependence) through to the one­
dimensional case. In this limit, the frequency exponent is zero and the A-scan 
consists of a series of delta functions.
One difficulty, which both approaches carefully avoid, is the shape of the grains. The 
microstructures encountered in practice are often very complicated, beyond any 
simplistic modelling attempt. Numerical methods have been developed for modelling
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grain boundary shapes, and limited attempts have been made to apply them to 
microstructures (C.P.Chiou, 1998). C.P.Chiou and his team at Iowa State University 
have developed the NURBS technique for particular microstructural features within 
titanium. This appears to be successful for modelling the shape of a single boundary: 
but it is currently unclear how they will model the thickness o f the boundary and 
approximate the complete distribution of material properties and grain geometries.
It must be remembered that such models deal with particular theorised or measured 
structures. With new computational techniques and ever-increasing processing 
power, accurate modelling of complex microstructures may eventually become 
possible. Even then, before the models can be applied to predicting response, a 
challenge remains for the materials scientist. Individual microstructures and 
properties will need to be measured in greater detail than is currently possible, and 
the full distribution of possible structures and properties assessed in a statistically 
robust fashion.
No such model is currently available, or known to be in serious development, and so 
we are left to consider appropriate approximations and statistical methods. It may be 
possible to develop the point scattering model, incorporating finite grain volumes and 
other structures found in real materials to produce a reliable approximation to 
material response.
4.5 Flaws, Noise, and Backscatter
The Oxford English Dictionary defines noise as ‘irregular fluctuations with 
transmitted signal' . Flaw signals, such as that in Figure 14, are usually obvious. 
Smaller or subtler flaws will produce correspondingly smaller signals. Very small 
flaws will produce signals indistinguishable from the background signal, so the level 
of this background signal defines the sensitivity of the inspection. To an inspector 
looking for flaws, this background is not in itself of interest. It is just an irritation 
limiting the effectiveness of the inspection. Such traces are called ‘grass’ or ‘hash’. 
Some of the background signal may well be electrical noise, produced within the 
pulser receiver circuits. The majority will be due to reflections at grain boundaries 
and other benign features within the titanium microstructure. These are real features, 
and the resulting signals will have a corresponding structure. ‘Grain noise’ is not 
‘irregular fluctuations’, but a genuine part of the signal. It may therefore be
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interrogated, to provide information on the structure of the test material. The term 
microstructural backscatter is thus preferred as it more accurately describes the 
origin, structure, and applications of this feature.
Occasionally a grain boundary will have a particularly favourable aspect and 
orientation relationship that produces a large backscattered signal, with an 
appearance similar to a flaw. Such a reflection is known as spurious indication, and 
can cause a ‘false call’ - the rejection of sound material.
Backscatter levels can be determined from a root-mean square measurement on the 
A-scan trace, avoiding any flaws or other features. If the electrical contribution can 
be measured, for example by considering the noise level of the trace in a 
non-scattering medium such as water, the mean-square value o f electrical noise can 
be subtracted from the mean-square A-scan measurement to estimate the backscatter 
contribution. This approach is illustrated in figure 21. For titanium alloys below 15 
MHz, the backscatter is generally found to dominate the noise contribution.
An alternative approach is to remove the random fluctuations at source, by averaging 
over time at a single location. To do this, the scan must be stopped at each data 
collection location, and several hundred A-scans collected and averaged. The 
electrical noise level is decreased by a factor equal to the square root o f the number 
o f scans averaged, but the backscatter from the microstructure at that location is not 
affected.
A method for the distinction of spurious echoes from flaw signals is also required, 
since the scrapping of sound material is extremely expensive. Consideration o f the 
consequences of passing flawed material requires that any such procedure be 
carefully validated and documented, and this is discussed further in the next section. 
Some means of quantifying and calibrating backscatter levels is required if they are 
to be compared and quoted. Various simple definitions of a noise level are possible, 
such as maximum level, average-maximum, and root-mean-square or standard 
deviation, as discussed in the consideration of signal to noise ratios in section 3.8. 
These levels can be quoted against FBH levels, or a measurement model based 
calibration can be used. A full definition of a backscatter coefficient, as a measure of 
the inherent ‘noisiness’ of the material, relies on experimental effects being removed 
using an accurate measurement model. Such a parameter, r\, has already been
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Figure 21:
S o u r c e s  o f  e l e c t r i c a l  n o i s e , a n d  it s  r e m o v a l  f r o m  r m s  b a c k s c a t t e r  l e v e l s
C o m p u t e r
Store voltage Uj
O s c i l l o s c o p e
Display
Digitise
lO^^Uj+noisej) + noise2
A m p l i f i e r
Gain = ^
Uj+noise,
Transducer
We want to measure the rms 
signal received by the 
transducer. Electrical noise can 
be removed by time averaging, 
or subtracted in the following 
manner:
Where the probe is over water, 
there is negligible backscatter. 
In these cases,
w^ater and
U water= 1 O ^noisej + noise2
Over the test material, we have: 
U ^ lO ^ t^ + n o ise!) + noise2
Now, if we take mean squares 
and subtract, we find that: 
< U 12>-<U wattr2>=10®'i»<u12>
and so the mean square signal 
level can be calculated from 
the mean square (signal plus 
noise) level and the mean 
square noise level, estimated 
from a noise free trace over 
water.
n. b.: u = raw signal from transducer
U = measurement (including noise and amplification)
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mentioned in chapter 3, and section 3.12 introduced a measurement model that could 
be used for its empirical estimation. This will be discussed further later in this 
chapter, and in chapter 7.
Several studies of backscatter are reported in the literature. Billman and Rudolph 
(1972) qualitatively compared the values of ‘noise’ and attenuation for Ti-6A1-4V 
samples before and after heat treatments, and related them to microstructural effects. 
They did not consider the cause of this ‘noise’, although it is expected that the main 
contribution to their measurements was from microstructural backscatter. Their aim 
was to improve the inspectability of the material, by producing low levels of 
attenuation and backscatter. The best results were observed for p-quenched material, 
but no formal calibration or modelling was reported. Ginty et al (1980) noted a 
spurious indication in Ti-5Al-6V-2Sn, which after careful metallography they were 
able to relate to a flattened a-colony with a thickness approximately equal to A/2. 
Hanet al (1992, 1995) related the elastic anisotropy of Ti-6246 samples to the texture 
o f prior-p, and compared local and average textures by taking pole figure 
measurements with and without oscillation. Thompson et al (1991a) attempted to 
relate measured noise values to those predicted using Rose’s results (JH Rose, 1994, 
reproduced here as equation {4.31}) for a-titanium, 304 stainless steel, and copper. 
However, this paper contains a typographical error in its rendering of Rose’s 
equation, and uses a simplified form which is inappropriate for the frequency range 
under consideration -  resulting in an error of a factor of ten or so. Better reviews of 
his work can be found elsewhere (FJ Margetan, et al, 1994a: JH Rose, 1994: KY 
Han, 1995), and the relevant equations are further developed later in this chapter. 
Instead of taking a single value, such as the rms or estimated maximum noise, it 
would be more physically representative to describe the entire distribution of noise 
and backscattered signals. Probability density functions could be constructed as 
functions of amplitude, frequency, or depth. This approach has been started at 
Missouri-Columbia (MD Russell and SP Neal, 1994a&b: SP Neal and KD Donohue, 
1995), where they have examined the degree of Gaussian behaviour exhibited by the 
amplitude distribution.
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4.6 Flaw Differentiation and Characterisation
The principle practical application of ultrasonic examination is the detection o f sub­
surface defects. In order to model which defects will be detected, we need to 
understand the distribution of signals from the background ‘noise’, and from any 
defects which may occur (figure 22).
Any imperfection in the material under test may be termed a flaw. ‘Defect’ is 
synonymous, but implies that the flaw in question has a major influence on material 
properties. An ‘indication’ is a peak in the ultrasonic response, possibly indicating 
that a flaw is present. Types of flaw include inclusions, cracks, and porosity. 
Reflections from different sources display different characteristics, and these may be 
used to differentiate between them. For example, flat-bottomed holes give clear, 
sharp, frequency-independent reflections - although some variation may result from 
imperfections in machining and variations within the material microstructure. The 
peak height distribution for calibration blocks in steel is usually found to have a 3a 
range of around ±1.5dB (Rolls-Royce, 1991a). For a Titanium alloy disc, this range 
could be up to 6dB, as these alloys contain a wider range of ultrasonic velocities, 
leading to increased microstructural effects (Rolls-Royce, 1991a).
FBHs are the industry-standard artificial defect, and the reference against which 
inspection levels are quoted. Inspection systems usually quote their resolution in 
terms of the FBH size that can or will always be detected, as introduced in section 
3.5. However, a FBH is actually quite different from most real defects, and it is 
performance in detecting real defects that should be the primary consideration.
Flat open cracks normal to the ultrasonic beam behave in a similar way to FBHs. 
However, most cracks will be angled to the beam, jagged, or closed. If the crack is 
angled, the majority of the reflected energy will not be directed back towards the 
transducer. If it is jagged, some frequency-dependent behaviour will be shown; and if 
it is closed, much of the ultrasonic energy may be transmitted across it.
The most probable orientations of cracks in a given component are often known from 
experience or modelling. In such cases, suitable inspections can be developed for 
specific defects (RV Falsetti, 1994).
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Portions o f ceramics, other metals, and porosity may occur within a part. The 
geometry of such inclusions will vary greatly: they may be sharp fractured portions 
o f refractory material or rounded melt defects with diffuse boundaries.
The intensity of a reflection will depend on defect size, shape, and reflection 
coefficient (which in turn depends upon acoustic impedance Z=pv). Diffuse 
boundaries will produce diffuse signals, with lower peaks. The frequency dependence 
of the reflection depends upon the size and lateral coherence of the inclusion. A 
careful study of the indication and its frequency response can thus yield valuable 
information about the nature of a defect.
The principle o f setting a ‘gate’, within which an alarm monitors the A-scan trace, 
was introduced in section 3.2. The gate level may be set against a FBH standard, or 
against the observed noise level. In the latter case, it is subsequently necessary to 
calibrate the gate level against a FBH. Any peak becomes an ‘indication’ if  it exceeds 
that gate level, and will be reported and further investigated.
Flaw signals peak heights are usually measured in dB, the gain level required to 
bring them to some reference screen height, and calibrated against flat-bottomed 
holes as described in section 3.5. A signal to noise ratio, SNR, may also be calculated 
for the peak. An alternative approach is to use a measurement model (as discussed in 
the previous chapter) to calibrate the ultrasonic indication.
Various more subtle defects, basically harmful microstructural features, are 
particularly suited to this approach. Microstructures susceptible to cold dwell 
problems are an example, but the one that has received the most attention in recent 
years is hard-a. This is a localised hardening of the titanium alloy due to the presence 
of interstitial nitrogen or oxygen, or increased levels of aluminium. The largest and 
hardest such defects will crack during forging, and these cracks can be detected. The 
detectability of smaller defects, such as individual uncracked grains containing high 
nitrogen levels, is currently a major issue in the aerospace industry (AB Wassell, 
1993: DO Thompson and DE Chimenti, 1994). This is discussed further in section 
4.8.
The concept o f reflections from grain boundaries and other internal features 
(commonly called ‘grain noise’) has already been introduced, and termed 
‘microstructural backscatter’. The causes of these reflections are usually benign: but
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in all other respects the signals observed may be indistinguishable from flaw 
indications.
Figure 22 shows a hypothetical distribution of flaw indication amplitudes, and the 
‘noise’ level distribution observed in the same batch of material. A gate level needs 
to be set, and parts containing signals above it rejected. Such a gate level is shown on 
the graph. Two problems occur as a result o f the noise distribution.
Firstly, some parts will contain noise levels above the threshold. These will be 
rejected, at considerable expense. Secondly, some parts will be accepted, although 
they contain flaws. Inspection may be improved by either improving the signal, or 
improving the processing of the signal.
4.7 Signal processing
Various signal processing routines aimed at sifting out flaw signals from grain 
‘noise’ have been suggested. Many of these have been shown to perform well on 
artificial defects such as FBHs, but general application depends upon full confidence 
in their reliability in detecting a wide range of real defects.
Split Spectrum Processing (SSP) techniques divide the returning pulse according to 
frequency, process the separate frequency slices independently, and use them to 
obtain more information about a defect signal (AJ Allen, et al, 1995: D Birx, S 
Pipenberg, and A Schroder, 1994: M Bashyam, 1994: N Saffari, 1995). In its 
simplest form, SSP assumes true flaw indications to be independent of frequency. All 
features that behave differently in different frequency slices can therefore be safely 
ignored as ‘grain noise’.
This technique has been successful in improving measured signal to noise ratios for 
FBHs. Unfortunately, as we have already seen, many flaws show frequency 
dependent behaviour. Frequency dependence is a function of size and shape, so 
inclusions with the same geometry as surrounding grains will have the same SSP 
profile. Consequently, the probability of detection is not improved at all.
Fine tuning of the existing technique may allow many classes of defect to be detected 
with improved accuracy, but reliability is likely to be poor. More advanced 
techniques based on this principle are possible, and are likely to form a major part of 
any ‘intelligent’ routine, as described below.
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Spatial averaging takes a simple or weighted average of neighbouring A-scans in an 
attempt to remove noise. This has been successful in reducing grain noise levels (A 
Dunhill, 1994). However, the procedure will smooth out any feature that is not flat 
and in the direction normal to the beam. This could include small inclusions and 
jagged cracks as well as grain boundaries, and so this easy procedure suffers from the 
same limitations as SSP.
Synthetic apertures improve resolution by combining neighbouring A-scans to 
simulate the effect of using a larger and more expensive focused probe. Success has 
been achieved in other fields, but their value has yet to be proven in ultrasonics (PJ 
Howard and RY Chiao, 1994a: W Masri, et al 1994).
Various kinds o f adaptive filter  have been applied to ultrasonics (CP Chiou, RB 
Thompson, and LW Schmerr, 1994: Z Zhang and JP Basart, 1994), using linear, 
polynomial, or neural network engines. The principle is to attempt to predict the next 
portion of an A-scan using information gained from the previous portion, and so 
separate the ‘predictable’ from the unpredictable or random elements of the scan. 
Some promise is shown by these techniques, but more consideration o f the 
underlying mechanisms is required to understand the physical significance and 
quantify improvements.
Neural networks and fuzzy logic are two fashionable mathematical tools that have 
been applied to non-destructive evaluation. Neural networks are simple non-linear 
correlators. Given a large data set, a network will establish links between the data 
points. It can then be given incomplete data, and asked to predict the missing 
variables based upon what it has learned from the first set. No attention is given to 
underlying theory, and the network will always attempt to find a correlation, even 
with random data. Its predictions must therefore be checked against independent 
complete data.
Neural networks are easy to use, but a great deal of data is required to achieve 
confident predictions. In this project, they have been used to investigate correlations 
between data sets. The findings were not used directly, but they have provided 
theoretical insight that has assisted in model development. They are extremely well 
suited for such uses.
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Traditional logic demands everything to be True or False. Fuzzy logic has been used 
in some ultrasonic processing packages. This concept blurs True and False, allowing 
a ‘Not Sure’ ascription. Fuzzy logic classifiers have been successful in some control 
circuits, and they have received a great deal of interest as a new mathematical tool. 
However, to persuade the aerospace industry of the reliability o f a calculation where 
probability totals do not have to equal one would be difficult.
The above techniques apply processing to an input signal, in the hope of improving 
it, by drawing out relevant features. They all work in some circumstances, but not for 
all flaws and not with any demonstrated reliability. What is needed is an intelligent 
processing package, which knows what the inspection is trying to achieve and 
understands the relevant physics. It may then incorporate some of the above routines, 
in a carefully controlled way, or other procedures identified in this report.
4.8 Modelling Defect Signals
The basic approach to modelling flaw signals is the same as for microstructural 
backscatter, except that now we are dealing with a single inhomogeneity. For flaw 
behaviour, it is not necessary to sum over the whole material, and an effective 
medium approach is usually sufficient for the surrounding material. The first and 
most important step is to determine what the location and characteristics o f the flaw 
are likely to be. Process modelling can help, for example in predicting the likely 
position and orientation of any internal cracking developed during forging 
operations. However, considerable experience of the material and production route is 
required. For example, if  the material has been melted, experience o f the route may 
indicate that flakes of refractory lining aligned by material flow are a possible 
contamination. On the other hand, if the material has been TIG-welded, tungsten 
inclusions may result.
The principle factors affecting the ultrasonic indication U  produced by a flaw will be 
its shape, size, angle to the beam, and reflection coefficient R.
U f l a w = M fn(0)fn(d)fn(shape)Rmaalj,m {4.7}
M  is a calibration factor, determined from either a measurement model or flat- 
bottomed holes. It accounts for inspection geometry, material attenuation, beam 
spread, etc.. If  the flaw is off-centre in the ultrasonic beam, it will intercept a reduced 
portion of the energy, and consequently produce a smaller reflection. The nature of
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the surrounding microstructure will also have an impact on the reflection coefficient, 
although the internal variations within the microstructure are likely to be small in 
comparison with the acoustic impedance of common flaws.
The functions of angle, size, and shape will each vary between 1 (for a large flat 
defect normal to the beam) and 0 (where the defect is aligned parallel to the incoming 
beam, or is shaped such that complete destructive interference occurs within the 
reflected waveform). It should be noted that some frequency dependence will usually 
be introduced with the shape and size factors, as described earlier in this chapter. 
Measured amplitudes will also be subject to the effects of wave front modulation.
Due to a shortage of accurately characterised real defects, several studies have been 
based around some deliberately introduced defect. The most common artificial defect 
is the FBH, as described in section 3.5, which has a shape factor of 1. Side drilled 
holes have also been tried in reference blocks. They are easier to manufacture, but 
less reproducible. As a curved surface is presented to the beam, reflections from a 
side-drilled hole contain a frequency-dependent shape factor.
Flaws observed in titanium have already been described in section 4.6. They include 
porosity, cracks, pipes, high-density inclusions, segregation, cold dwell and high 
interstitial defects (HIDs/hard-a). Cracks are the closest in appearance to flat- 
bottomed holes, but they may be rough, serrated, and at an angle to the beam. Flaw 
predictions made using FBHs must always be viewed with caution.
The reflection coefficient for a given flaw can be determined by putting the relevant 
values (from table 4) into {4.2}. The results for various materials are shown in table 
5. These, in conjunction with a knowledge of the shape and size of the foreign body, 
can be used to estimate the signal reflected by the flaw. On the other hand, given the 
indication size they could assist in sizing the flaw.
As has been discussed in previous chapters, a range of velocities is present within a 
polycrystalline material. Even in the absence of any other variables, crystallographic 
orientation differences from grain to grain will produce acoustic impedance mis­
matches across grain boundaries. These can be described by a reflection coefficient R  
for the boundary {4.2}. The maximum value that this can reach in hexagonal 
materials is for an interface between crystals aligned at 0 and 90 degrees to the beam, 
where the contrast in elastic properties is most pronounced.
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Table 5: reflection coefficients for various materials in titanium
Coefficients are fo r  inclusions in Ti-6Al-4V, using data from  previous tables
Material 7min
/ I  ()6 kgm
7
max
'^ms~l
■^m in •^ m a x
Ti-6A1-4V 26.3 27.9 0 0.0295
a-Ti-6Al-lV 28.1 29.9 0.0036 0.0641
p-Ti-5Al-8V 26.0 27.1 0 0.0353
Ti-5N 28 29 0.00179 0.0488
Ti-ION 29 30 0.0193 0.0657
Ti-15N 30 32 0.0363 0.0978
Aluminium 1100-0 17.2 0.209 0.237
Copper 110 41.8 0.199 0.228
Molybdenum 63.8 0.391 0.416
Nickel 49.5 0.285 0.306
Annealed carbon steel 46.6 0.251 0.278
Cast iron 25 40 0 0.207
304L stainless steel 44.6 0.230 0.258
Tungsten 99.8 0.563 0.583
Tungsten carbide 67 99 0.412 0.580
Air 0.0004 0.99997 0.99997
Glass 14.4 0.292 0.319
Water 1.49 0.893 0.899
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Alloying variation and multiple phases can have an additional impact. The size and 
lateral coherence of the interface will also have a major effect on the signals 
received: large flat colonies of a-lathes have been cited as the cause of at least one 
spurious reflection (B Ginty, et al, 1980).
If a flaw displays an R  factor comparable to that for internal reflections, then it will 
only be observable above the ‘grain noise’ if  there is some other favourable factor, 
such as the flaw being large or flat. This has particular implications for defects such 
as hard-a, which can simply be a single grain enriched in nitrogen, oxygen, or 
aluminium. The resulting acoustic impedance variations are small, and the defect 
geometry may be identical to that of surrounding grains.
As a particularly difficult flaw to detect, let us consider a grain o f the titanium alloy 
‘Ti-6A1-4V’ that contains interstitial nitrogen, but is otherwise identical to the 
surrounding material. This constitutes a small ‘hard-a’ defect. Since its geometry is 
similar to the neighbouring grains, it will only be reliably detected above the 
microstructural backscatter if  its acoustic impedance contrast with the surrounding 
material is greater than the material’s internal natural contrast (6%). Using the data 
and equations from table 4, we can plot the difference in acoustic impedance between 
the defect and surrounding material (AZ) against the nitrogen content o f the defect. 
This is illustrated in figure 23. This figure divides the defects into three categories, 
according to their Nitrogen content. Below 6at% Nitrogen, the effect of the impurity 
is less than the natural variation due to orientation -  so the defect will not be 
detected. Between 6 and 12 at% Nitrogen, the effect is now larger than orientation 
effects -  but will not necessarily be detected. Consider a 12% nitrogen defect, but 
with the effect of the nitrogen working directly against an orientation mismatch. The 
resulting 6% variation is within the bounds of normal microstructural variation -  and 
this defect would be indistinguishable from the microstructural backscatter. So, even 
in the absence of any other effects and with a theoretically perfect inspection, hard-a 
must contain over 12at%N to be reliably detected.
This theoretical estimate should be compared with experimental work on the 
detection of small flaws. Much of this work has been conducted by aero engine 
companies, and is considered commercially sensitive. However, General Electric 
Aero Engines have reported some of their findings (MFX Gigliotti, et al, 1994b).
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They claim to have detected 6wt% nitrogen defects with a radius of 2/64ths o f an 
inch, 2.8wt% at 3/64ths, and 1.8wt% at 4 or 5/64ths, in contrast to the theoretical 
limits calculated above. Attention must be given to their choice o f sample: the 
‘defect’ in question is a small cylinder of hard-alpha, hot isostatically pressed into a 
flat-bottomed hole in a sample of titanium-6Al-4V. The bond line is clearly visible, 
even away from the defect where the host alloy is being bonded to itself. So it is 
almost certainly this flat bond that is being detected, not the defect itself, and these 
results should not be considered representative of real defects. More realistic seeded 
melt programmes and accurate investigations of found defects are in progress, but the 
results are not yet in the public domain.
4.9 Scatter in Titanium Alloys
Consider a single-phase material with no texture. Scattering is proportional to the 
bulk-average of the difference in elastic constants over a grain boundary, designated 
Q. For the propagation of longitudinal waves, the relevant elastic constant is C33' and 
Q is defined by (JH Rose, 1991):
Q = ((C 3 3 ' (graM ) -  C33 ’ (grain!))2)  {4.8}
C33' will vary with crystallographic orientation according to {2.10} for hexagonal 
materials. This produces the following equation for homogeneous single phase 
material:
, ( ( C U s i n 4 # !  + C 33 c o s 4# !  + 2 ( C j3 + 2 C 44) c o s2# !  s i n 2# j )
Q h e x  =
{4.9}
V - ( C 1 1 sin #2 + C33 cos #2 +2(Ci3 + 2 C 44) co s  #2 sin 0 2)J
'f(C n - C 33) sin(#i + # 2) sin(#i - # 2) V
v + j (2C13 +4C 44 - C jj - C 33)sin(2#i + 2 # 2)sin(2#j - 2 #2)>
If  all orientations are considered equally likely, and there are no local relationships 
(i.e. the material has no texture of either kind), then the probability of an angle 0 is 
proportional to sin0.d0. The two angles are uncorrelated, and so {4.9} can be written 
as a double integral:
n  _  Q s ) S^ n(^l + # 2 )sin($i — $ 2 ) 1 ' n jn  * A JO0, = ■ s in # ^# , sm# 2 « # 2
J J  o U T ( 2 C i 3 + 4 C 4 4 - c i i - C 3 3 ) s i n ( 2 # ! + 2 # 2 ) s i n ( 2 # , - 2 # 2 ) J  1 1  2 2
{4.10}
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This is an awkward expression to manipulate, and rapidly becomes impossible once 
texture and second phases are allowed into {4.8}. For real materials, suitable 
approximations must be sought. The point scattering model described earlier in this 
chapter enables us to consider each grain as being embedded in an effective medium. 
Only contrast with this effective medium needs to be considered, and so the second 
grain in {4.8} can be neglected, producing the following equation, known as the 
effective medium approximation:
Q  = ((C3 3 ' (grainl) {4.11}
Assuming no texture and taking a Voigt average, we obtain:
o ’=1{('C" sin^ +C“ cos4^ + 2(C’,3 +2C 44)cos2<9sm26oV \
\ l  - ^ ( 8 C 1I+3CB +4C1,+ 8C <4) ) J
The material average value can then be approximated from a single integration,
,=  ^ ( C 1,s i„ ^  + C33cos^ + 2(C13 + 2C41)co s^ s i„ ^ )y  
K  - 1V ( 8 C „ + 3 C 3 , + 4 C 13 + 8 C 44) J
So far, we have assumed the material to be of a single uniform phase with no texture. 
However, in titanium alloys there are pronounced orientation relationships between 
grains, particularly within colony structures. These will have a considerable influence 
on the scattering behaviour exhibited by the alloys. Scattering will also be present 
due to alloying variations and the presence of a second phase.
Attempts have been made to model ultrasonic scattering behaviour (RB Thompson, 
et al, 1994) and velocity (A Anderson, RB Thompson, and R Bolingbroke, 1994) in 
rolled aluminium alloys as a function of ODCs (orientation distribution coefficients, 
as described in section 2.6) (RB Thompson, et al, 1989b). Although acceptable 
results are reported for velocity, scattering behaviour is far more sensitive to local 
orientation relationships than it is to the ‘bulk’ values estimated using ODCs, and so 
such models must be viewed with caution. There appear to be no reported attempts to 
model titanium in this way.
4.10 Modelling of Attenuation
We can now have another look at the simple microstructural models developed 
earlier in the chapter, and apply them to develop an improved understanding of 
attenuation.
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Figure 11 illustrates the one-dimensional microstructure introduced in section 4.2, 
comprising single-crystal layers of a homogeneous hexagonal metal. Consider the 
front surface reflection U01. The initial signal is converted into an ultrasonic pulse, 
travels to the test piece (during which time it is partially absorbed by the water), is 
reflected, and is again attenuated through the water on its way back to the probe. The 
back surface reflection U40 can be considered in much the same way, except that 
additional terms are required for passage through grains, and transmission through 
grain boundaries. Adding terms for beam shape, we can write down the following 
expressions:
Um = PU0 exp{ - a WMrz ^ B (z a)Rm exp{-a M rz 0}p
UW = P U 0 exp{- a waurz„ }Tm exp{- a l absd t }Ta )Ri0 ...T21 exp{- « , }ri0 exp{- a,„,,rz0 }p
{4.14}
If  we then take a ratio of these two signals, we find
^ 0 1  _ ____________   *(*o K __________ _ _  {4 15}
Uw Tm exp{- a ubsp  \TU )Rm ...T21 exp{- }ri0
We may further assume that the front and back surfaces are of a similar quality, and 
any difference in reflection coefficient (due to differing orientations of the respective 
crystals) is negligible. So far, we have described the losses due to absorption within a 
crystal using the coefficient a abs, and ‘scattering’ losses using transmission 
coefficients T. Combining these into a single material attenuation coefficient, we 
find:
— = -----------~ / ?^ ° ’> \ i \ <4 -16}u to TmTw exp{- 2az0l '}b(z, )
Where the material’s attenuation coefficient, a , is given by:
0 1 2 01 =  a \ , a b s d \  +  a 2 , a b s ^ 2 ’ "  +  a n ,a b s ^ n  ~  {^ 12^ 23 "'B n ,n + lB n + l,n  "^32^21 }
— ^  rl  — J-1 [t  T  \  (4*17}
/  i M. _ i  m .abs m 2  I  m ,m + 1  m + \,m )
If we assume that absorption is uniform throughout the test piece, and we are 
crossing a large number of grain boundaries, then we can write:
«  = « * - f ( l n { r „ l,,„+,r i„+1,„), where n = Zm' / ,  {4.18}
/  ave
and the scattering contribution to the material attenuation is modelled as:
V s c a m r  {4-19}
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This expression can be further developed using {4.2} and {2.10}, assuming that the 
internal acoustic impedance contrast is produced solely by orientation differences. 
The above expression was based upon a one-dimensional micro structure model. An 
alternative approach is to consider an ultrasonic pulse radiating into a metallic block 
containing point scatterers, as introduced in section 4.3 and illustrated by figure 20. 
In this case, the attenuation can be modelled directly from {3.20}:
where there are n scattering centres of cross-sectional area A and reflection 
coefficient R in the volume of interest, given by the beam width A0 and the depth 5z. 
So the attenuation due to scattering is given by:
where N y  is the number of scattering centres per unit volume. N y  and A  can be 
re-written in terms of the grain size, with assumptions about grain shape. Further 
development of the model requires interpretation of the ‘reflection coefficient’ R. 
This is only given by {4.2} if the grains are thick and flat. For point scatterers, the 
boundary will not be flat, and the grain will be ‘thin’ to the ultrasonic pulse. That is, 
the pulse does not see its structure, depending upon its size relative to the ultrasonic 
wavelength. These effects bring in a strong frequency dependence, and have been 
well modelled by others (D Beecham, 1966: FE Stanke and GS Kino, 1984a: FE 
Stanke 1984b), so now we will switch from developing this model to considering 
attempts already available in the literature.
A large number of models for ultrasonic attenuation were categorised by Stanke and 
Kino (1984a) before they proceeded to develop their own comprehensive approach. 
The models are categorised in two ways: how they deal with the elastic properties of 
the host medium, and the assumptions they made about grain size relative to 
ultrasonic wavelength.
The host medium for the ultrasonic pulse can be considered as an isotropic fluid, or 
scalar medium. This allows parallel stresses and strains in any direction to be 
described by a single elastic constant, greatly simplifying analysis of the propagation
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= ( l  -  nR j / A
{4.21}nRA = NyRAa scalier dzA,
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of longitudinal waves. Transverse waves do not propagate through a fluid: the 
equivalent approximation for these modes is best termed an isotropic dielectric 
model. The next stage in complexity is to allow greater definition of elastic constants 
than described above, by assuming that the material is composed of isotropic perfect 
crystals. The final step is to allow the full elastic constant tensor description of 
anisotropic perfect crystals.
The simplest approximation to modelling grain distributions is to assume that each 
grain behaves independently, in an effective unperturbed homogeneous medium 
described by averaging over all the other grains. This is the point scattering 
approximation. Some point scattering approaches are termed multiple scattering, 
because they allow for the effects of interactions between an ensemble o f scattering 
centres. Others are single scattering - each point is dealt with entirely separately, as if  
it were the only such point in the medium.
The real physical situation is an array of grain boundaries, geometries, orientation 
relationships, and multiple phases. A detailed model would require a full statistical 
treatment of the microstructure, coupled with rigorous manipulation of geometrical 
correlation functions (DA McQuarrie, 1976). In practice, simplifying assumptions 
such as the point scattering approach are always made, although models may 
subsequently build in attempts to allow for real features.
When considering the assumptions made about wavelength/grain size, the concept of 
three distinct regions to the frequency spectrum can be helpful. At low frequencies, 
the wavelength is larger than material structural scales. In this, the Rayleigh (Lord 
Rayleigh, 1929) region, the point scattering approximation is at its most accurate, 
and scattering is proportional to frequency raised to the power o f four. Throughout 
this region, increasing grain size increases the proportion of the ultrasonic pulse 
interacted with, increasing the scattering. It is generally found that scattering is 
proportional to <grain volume2>/<grain volume> (FE Stanke and GS Kino, 1984a). 
When the grain size approaches the ultrasonic wavelength, a less well-defined 
intermediate region is encountered. Scattering varies more slowly with A/d than in 
the Rayleigh region, and a maximum can be observed when plotted against grain size 
(FE Stanke and GS Kino, 1984a).
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In the geometric or diffusion region, the grain size is large in comparison with the 
wavelength. The planar reflector limit is being approached, with scattering dependent 
only on the number o f grain boundaries crossed. In summary:
(d 6
Rayleigh X » { d ) ,  usually characterised by a s c c f A-.—
Id 3
Intermediate X ~ (d), a s o z f 2(d) {4.22}
fO
Geometric X <(d), a  s °c j —-
id)
Stanke and Kino (1984a) developed a detailed model valid across all three regions. 
Unfortunately, the resulting expression is extremely challenging to manipulate and 
evaluate, and no explicit expression for attenuation can be quoted. Simple 
expressions for the attenuation in the three regions of the frequency spectrum have 
already been given above. The most generally accepted solutions were developed by 
Lifshits and Parkhomovskii (1950), applied to cubic and hexagonal materials by 
Merkulov (1956), and reported by Papadakis (1968). According to these sources, and 
confirmed by subsequent works (AB Bhatia, 1959a: AB Bhatia and RA Moore, 
1959b), the longitudinal attenuation coefficient in hexagonal materials is 
approximated by:
47T3{v o l) fA (  I m N
450p l v
Rayleigh: a  = ------ -—f —.— ~ t  + ^ -  {4.23}
W 5 V s. j
Intermediate: a  = — 2 6 {4.24}
167t2n ( d ) f ‘
1575/?V
Where <vol> is the average grain volume, v is the longitudinal wave velocity, y* the 
shear wave velocity, and /, m, and n are given by:
l = j j / 2 + 4 0 ^ 2 + 9  6k 2 + - j■ XY + ^ rY K + XK
m - - f jy 2 + 3 0 ^ 2 +-2p-/c2 + 2 0 jy  + 1j Lpc + 80%tc
n = l y 2 + 35%2 +  140a :2 + 30%y + 60yic + 140^/r ^  2 5 j
with y  = Cjj + C3 3  — 2 (C 1 3  + 2 C44)
X ~ ^13 — Q 2  
K = C44 + y (C 12 — Cn )
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The point-scattering approximation breaks down in the geometric limit, but 
expressions for a  have been suggested by various workers (HB Huntingdon, 1950:
CL Pekeris, 1947: W Roth, 1948).
In order to model the attenuation of titanium alloys successfully, the relative 
importance o f the various structural scales, orientation relationships, and second 
phases must be determined. These separate contributions can then be added together 
to estimate the material attenuation.
4.11 Modelling of Backscatter
Attenuation and ‘grain noise’ are both the result of micro structural scatter. The 
difference is that backscatter signals need to return to the probe, whilst the final 
destination of a component that has left the main beam does not affect attenuation. 
Various attempts have been made to model microstructural backscatter, and these can 
be classified in a similar way to the attenuation models of the previous section. 
Following the independent scattering approximation, the energy contributions o f 
scattering centres may be summed. This has been shown to be equivalent to taking 
the first term in a Bom expansion of the summation (the ‘Bom’ approximation) (JH 
Rose, 1994). The way in which individual scattered contributions interact with each 
other when arriving back at the piezoelectric element must also be considered, as 
individual amplitude contributions are averaged across the surface of a transducer.
To begin our consideration of backscatter, we will return to the simple ‘one- 
dimensional’ model o f figure 11. Reverberations within a layer o f the stmcture will 
be ignored, and reflection and transmission at the sharp interfaces are assumed to be 
controlled solely by the acoustic impedance of the crystals on either side, obeying 
{4.2}. There will thus be a series of reflections from within the microstmcture, with 
the same width as the incident beam and with an amplitude dependent on reflection 
coefficient and position in the sample. Therefore, the amplitude of the reflection from 
the interface between the nth  and n+lth  crystallites is given by:
= PU* exp{-a,rawz0K i  exp{-a Xabsd{}rl2 exp{ - a 2j,bsd2}. ^
exp{- a, ,abs d i  klO eXp{_  & „ a l e r Z 0
where Uo is the exciting voltage and p  the transducer efficiency. All voltages are best 
considered as rms values. If the full attenuation coefficient is used, including
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absorption and scattering effects, then the transmission coefficients are implicitly 
included. We can also include the term B(z) to allow for beam shape, so:
If  the pulse has a half-maximum full width of A, and the width o f the gate is W, both 
in seconds, then the rms backscatter level within that gate is approximated by:
The majority of this expression deals with the measurement environment and 
geometry. These were discussed earlier in the chapter. It has been assumed that the 
summation can be replaced by the number of interfaces (Wv/d), times some average 
value for the interfacial scattering. Microstructure affects the expression indirectly 
through the attenuation coefficient, and directly through the grain diameter d  and 
<r 2>. Notice that the scattering has been predicted to be proportional to 1/d, as 
would be expected in the large grained geometric limit {4.19}. We can develop the 
term in R further, assuming single-phase material.
If random texture is assumed, then this expression behaves similarly to Q {4.9} in 
the point scattering approximation. Natural acoustic impedance contrasts for some 
internal variations in titanium-6A1-4V have been calculated in table 5.
If instead we approach the problem using the point scattering model (figure 20), then 
in the independent scattering approximation, we sum the scattered powers from each 
scattering centre, so we can write:
backscattered power & n (u 2  ^ {4.30}
Where n is the number of scatterers in the region of interest, and U  is the scattered 
amplitude. This scattered amplitude will depend upon the acoustic impedance
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u n,n+1 =/52T021I/0exp{- 2 a waterz0} tx p { -  2 a meta[z0n'}B{z)R^n+1 {4.27}
rms
{4.28}
w
V ,v , - p 2v2 
V A vi + P i v i
i, but p x = p 2, and v are given by {3.7}, .'.
{4.29}
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contrast o f the scattering centre, its cross-sectional area, and its shape. The ratio of 
grain size to wavelength will also be important, determining how clearly the 
ultrasonic pulse sees the scattering grain, in the same way as for attenuation. This 
brings in a strong frequency dependence. A more detailed theoretical approach (JH 
Rose, 1994: BA Auld, 1979) produces the following expression for the backscattered 
signal:
= 4'm r f ^ rSCiJU *4'31 *
Here u° describes the displacement field at the receiver that would occur for a 
uniform solid, whilst u is the displacement field allowing for velocity variations and 
uj is the resulting voltage produced by the piezoelectric element. Rose (1994) has 
applied the Bom approximation to this expression. This is equivalent to assuming no 
wave front modulation, i.e. u = uO, and is valid for early time periods or weak 
scattering. Rose (1994) went on to demonstrate that this approach is equivalent to the 
independent scattering model, and developed it to obtain:
7 7  = — ^ — j t —-1 fp(r)exp{2ike-r}d3r  {4.32}
[4npv2) ^
where Q is the function of elastic constants defined in equation {4.8}, and p(r) is the 
probability density function for two points separated by a vector r  to have the same 
crystallographic orientation. It is known as the ‘two-point correlation’ function.
To model real interactions properly, it must be considered that many grain 
boundaries are included within the beam width, the interface will be at an angle to 
the beam, and multiple scattering may be important. In addition, the material may 
display density variations, alloying additions, grain boundary stmctures, second 
phases, porosity, texture, and orientation relationships.
The ‘planar interfaces’ and ‘point scatterers’ approximations may be used as two 
simple models providing upper and lower bounds for real interactions. Point 
scattering models can be further developed to allow for some of the realities 
described above, and one such approach is described below.
Rose’s (1994, 1991, 1992, 1993) main result has been quoted above {4.31}. His 
backscatter model represents a summary and tying together o f previous work, and is 
a simple analytically-solvable expression valid across the frequency spectrum.
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Further development of this model requires a value for Q, and the function p(r) to be 
determined. Solution of {4.12} allows us to quote the following expression for Q :
{4.33}Q =_ i
f \ 92C2U - 128CUC13 + 48C,23 -  256CnC33 + 32C13C33
j-1 12C33 -  256C, ,C44 +192C13C44 + 64C33C44 +192C J  
A rigorous statement of this two-point correlation function (KY Han, 1995) for 
titanium alloys is impractical for most real microstructures. If we assume a uniform 
untextured microstructure, then we can assign:
p (r)  = exp {434}
Using this expression in {4.32} produces a soluble form of the Rose model (JH Rose, 
1994, 1992):
Q K )  r4 3 5 )
, ( ) ‘ ( V ) 2 H ) ( l  + (2kaf)2 { ' }
This is the most practical such model available from the literature, but it does not
allow for orientation relationships or texture. It also does not explicitly model a 
second phase, but Rose has extended the model in an attempt to allow for the 
associated scattering (JH Rose, 1994,1993):
= Z  k a r « + Ta) , k i - °
a=1’m 27r\l + (2kaa) |
where the summation is over the m phases of the alloy, and {4.36}
( sPa
V Po Qio J
_ Qa
cH i o
4.12 Interpretation of Backscatter
The Center for NDE at Iowa State University have published a series o f papers, 
developing a measurement model for backscatter (RB Thompson and TA Gray, 
1983: RB Thompson, 1995: FJ Margetan, et al, 1994a&b, 1990). They describe the 
root-mean-square backscattered signal, compared to a front-surface reference signal, 
by the following equation:
f 4 tJ = ^ 7 7  r ~i 1 j5(*,)exp H ar,}A {4.37}
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where B(z') is a beam model, as given by equation {3.10}, ta and tb mark the start and 
finish of the time gate of interest, and D(f) is an attempt to allow for diffraction, and 
is given by:
£>(/) = l-exp {-/® }(J0M + i/,[s]), s= 7^h/ yZ'i {4.38}
Note that Trms is the root-mean-square signal from the time gate of interest and Tref  
the reference signal, taken from the front surface of the block. Both of these signals 
and the attenuation a  are functions of frequency. Therefore, the procedure for 
implementing this equation is as follows:
1. Select the time gate of interest over a family of A-scans. Collect the data in this 
time gate. Fourier transform and take an rms value in the frequency domain (in 
contrast to the rms scan taken in the time domain of figure 12) to obtain r r^ (f) .
2. Pad out the front surface signal with zeros until it is the same width as the time 
gate of interest. Fourier transform this to obtain Trej(f).
3. In each frequency slice, divide r m5/Treyand using the appropriate frequency- 
dependent attenuation coefficient in {4.37} calculate rj(f).
The value of the backscatter coefficient obtained is a measure of the microstructural 
backscatter inherent to that material, independent of the system and geometry used 
(although it is a function of frequency). Section 4.11 has estimated this backscatter 
coefficient from basic material properties, following the approach of Rose (1994). 
The scattering model {4.35} and the measurement model {4.37} together relate the 
measured backscatter to basic material properties and test geometry.
One result is that an analysis of the backscatter should yield information on the test 
material. The simplest such attempts have used the relative levels of ‘grain noise’ as 
an estimate of the scattering unit size, usually the grain size (H Willems and K 
Goebbels, 1986). However, consideration must be given to the other factors affecting 
scattering levels.
The continuum method of attenuation measurement from decay of the backscattered 
signal has already been described, in section 3.11. This method avoids potential 
problems with surface echoes, but is more difficult to perform. Attempts to correlate 
this attenuation estimate with grain size were also discussed in 3.11. Although 
reasonably successful, this approach requires careful calibration for each material to
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be tested. More reliable and accurate measurements are possible using some o f the 
techniques described below.
Autocorrelation packages use a simple processing routine to reveal the structural 
scales present within a signal. They have been used on ultrasonic A-scans (T Esward, 
1995) to reveal the structure within the scan, and consequently the structure present 
within the sample - in this case, biological tissues.
However, titanium is a very different material to tissues. The simple use of 
autocorrelation packages on an A-scan from a metallic sample will generally focus 
on the long-range order present due to repeats of the transducer waveform. This is 
sufficiently strong for all other structural scales present within the scan to be 
swamped. Any such direct attempt to measure grain size would thus require the 
signal to be deconvolved, i.e. the transducer response entirely separated from the 
microstructural response.
Within the field of ultrasonics, a received A-scan is comprised of the ultrasonic 
response convoluted with probe and experimental effects. Deconvolution is thus an 
attempt to process the scan and generate an ‘ideal’ scan, a simple map of the material 
response. For ultrasonic inspection of metals, this would correspond to a one­
dimensional picture o f the microstructure under the probe. Note that deconvolution 
implies solving the entire scan, leaving the microstructural information in a readily 
accessible form, whilst signal processing usually refers to attempts to extract some 
useful information from an undeconvoluted scan.
Various attempts to develop rigorous deconvolution routines are recorded in the 
literature (D Eitzen, et al, 1985: KI McRae and CA Zala, 1987: MS O’Brien and SM 
Kramer, 1991), although none have been successfully applied to nondestructive 
evaluation.
Split spectrum techniques for enhancing signal to noise ratios were discussed in 
section 4.7. They rely on the frequency response of the flaw being substantially 
different from that of the microstructure. If  we examine the Rose model {4.35}, we 
see that the predicted frequency dependence of backscatter varies with grain size. For 
very small grains, (2ka)2« l  and pocf4, but for very large grains, (2ka)2» l  and r|ocf°. 
In between, a smooth transition is predicted. The consequence is that a measurement 
o f the frequency dependence can be directly related to the scattering structural size.
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No instruments based on this approach have been reported in the literature, but the 
principle o f using frequency dependent scattering for object sizing is well established 
for dispersions in water (DR Roberts, 1996).
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5 M e t a l l o g r a p h ic  E x a m in a t io n  a n d  R e s u l t s
5.1 Data Required
The material grain structure needs to be quantified as the main input to scattering 
models. Grain sizes are best described in terms of linear-intercept diameters in each 
of three dimensions, for each of the three main structural scales (macrograins, 
colonies, and primary-a/transformed-P).
Note that the ‘linear intercept’ approach directly measures the average distance 
observed between grain boundaries. It is not the true metallurgical grain size, as the 
line will rarely pass along the full diameter of observed grains. Standard correction 
factors are available, but are not required in this case as the linear intercept value is 
more physically relevant. Within the scattering models, the grain size as typically 
seen by the pulse (as measured by a linear intercept method) is o f interest, rather than 
the size across diameters.
In addition to grain size, elastic constants, densities, ultrasonic velocities and alloying 
element variations were also assessed.
5.2 Test Materials
Titanium-6A1-4V is the most economically important of the titanium alloys. 
Therefore, it was chosen as a suitable model alloy for this study. Surfaces o f all 
samples were machined to a similar quality, with an Ra value of 0.4. ±10%, and 
chemistries are listed in table 6.
The Ti-6A1-4V came from a variety of sources - from a finished aero engine fan disc, 
an aerospace-grade IMI billet, and an RMI bar o f lower-grade material. Commercial 
purity titanium was also tested.
Fan disc material: A RB211-535 E4 double diaphragm compressor disc was 
sectioned, and eighteen three inch cubes provided for the use of this project. The 
origin of these cubes is illustrated in figures 24 to 27, and full details of the 
machining operation are available (R Musson, 1993). Blocks were numbered 1A1 to 
1A7, and 1B1 to 1B11.
The disc, part number FR1000896 and serial number STDK4523, was forged by 
Smith Clayton Forge from 330 mm diameter TIMET Ti-6A1-4V billet, cast S8277, in 
accordance with the relevant Rolls-Royce material specifications (Rolls-Royce,
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Figure 24: R B211-535E4 F an  D isc  c u t-u p  After R.Musson (1993)
Part Number FR1000896 Smith Clayton Forge
Serial Number STDK4523 TIMET Billet, cast S8277
Rolls-Royce Engineering concession number 2079313
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Figure 25: L o c a t i o n  o f  t h e  f a n  d i s c  1A b l o c k s  After R.Musson (1993)
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F ig u re  26: L o c a t i o n  o f  t h e  f a n  d is c  IB  b l o c k s  After R. Musson (1993)
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F ig u re  27: I n s p e c t io n  d ir e c t io n s  a n d  m a r k in g  f o r  t h e  f a n  d isc  b l o c k s
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1991b). The disc was available following evaluation by RR Engineering, under 
concession number 2079313.
Billet material: IMI Titanium Ltd. (now owned by TIMET) supplied a cylinder of 
length 1.5m and diameter 140 mm of aerospace-grade Ti-6A1-4V (IMI318), Cast FR 
54171, Batch 4157.11, Bar F (release note 22/57717). This material was cut into 
twenty sections and heat treated at Rolls-Royce. Each section was machined to a 
three-inch cube, numbered from 1 to 20, and marked with the bar axis preserved as 
the z direction. The heat treatments are described in table 7. IMI also supplied a 
p-approach curve (figure 28) for this alloy. This graph describes the equilibrium 
p-phase volume fraction as a function of temperature, and was used in selecting 
suitable heat treatments
RMI bar: Twenty three-inch cubes of Ti-6A1-4V were saw-cut from a 33/4-inch test 
slice at RMI Titanium, Niles, Ohio, and supplied to Rolls-Royce Derby in May 1994. 
This test slice was flame cut from near the top of heat 883603, a 7 inch by 32 inch 
bar of non-aerospace grade material. Orientations of the cubes were not supplied. 
Further details and a schematic of the cut-up are shown in figure 29, the blocks being 
identified by the letters A to T.
Two cylinders of commercial purity material (IMI alloy 125) were obtained from 
Alan Cowling (Rolls-Royce Elton Road NDE area), one containing a flat bottomed 
hole. These were used as a single phase model material, and enabled direct 
comparison with the a-phase elastic constants.
5.3 Preparation and Testing
The dimensions of the test pieces were measured using Vernier callipers. Masses 
were also determined, to the nearest gram, and densities calculated. The results are 
listed in table 8.
All the blocks were then ultrasonically examined on three axes at three frequencies, 
as detailed in the next chapter. After ultrasonic inspection was complete, half o f the 
blocks were sectioned for metallography.
The blocks were wire eroded to order using an external contractor. Wire erosion 
produces a smooth surface, but subsequent polishing must be continued until all o f 
the heat affected material has been removed. An Abramin semi-automatic polishing 
wheel was used, and grinding performed down through the SiC papers to the 2000
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Figure 28 P -a p p ro a ch  c u r v e  f o r  IMI318
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F igure 29 O r ig in  o f  t h e  RMI b lo c k s
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The test slice was flame-cut from heat 883603 and saw cut into 
twenty cubes, A to T. After machining at Rolls-Royce, they were 
ultrasonicallv tested in the three directions indicated.
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Table 8 : dimensions, mass, and density of the test blocks
Identity Mass
/g
X
/mm
y
/mm
z
/mm
Volume
/mm^
Density
/kg.mr^
1A1 1441 69.58 66.89 70.12 326353 4415
1A2 1577 69.34 71.97 71.53 356963 4418
1A3 1530 69.37 69.85 71.51 346501 4416
1A4 1578 69.41 71.97 71.49 357124 4419
1A5 1509 69.17 70.01 70.56 341693 4416
1A6 939 70.16 64.95 46.67 212670 4415
1A7 947 66.07 69.48 46.69 214332 4418
1B1 1444 66.54 70.10 70.08 326885 4417
1B2 1492 68.80 70.29 69.86 337840 4416
1B3 1486 68.52 70.15 70.02 336564 4415
1B4 1504 69.19 70.30 70.00 340484 4417
1B5 1514 69.66 70.25 70.06 342847 4416
1B6 1504 69.33 70.19 69.99 340590 4416
1B7 1485 68.73 69.85 70.07 336391 4415
1B8 1518 71.01 70.02 69.19 344021 4413
1B9 1503 69.77 70.01 69.71 340505 4414
1B10 1498 70.08 69.54 69.61 339235 4416
1B11 1468 69.25 68.49 70.10 332480 4415
Mean 1441 326304 4416
SFA 1507 69.95 69.86 69.90 341581 4412
SFB 1512 70.04 69.94 69.97 342755 4411
SFC 1506 69.90 69.92 69.84 341337 4412
SFD 1508 69.86 69.86 69.98 341532 4415
SFE 1462 70.01 67.67 69.93 331299 4413
SFF 1512 69.95 69.94 70.01 342510 4414
SFG 1511 69.92 70.04 69.94 342510 4412
SFH 1512 69.97 69.89 70.01 342363 4416
SFI 1507 69.84 69.88 69.97 341483 4413
SFJ 1501 69.77 69.67 69.97 340115 4413
SFK 1505 69.84 69.91 69.86 341092 4412
SFL 1499 69.89 69.61 69.80 339580 4414
SFM 1509 69.92 69.98 69.90 342021 4412
SFN 1510 69.88 70.10 69.82 342019 4415
SFO 1507 69.97 69.82 69.87 341336 4415
SFP 1508 69.95 69.80 69.95 341532 4415
SFQ 1512 69.88 70.04 69.96 342412 4416
SFR 1508 69.89 69.94 69.88 341581 4415
SFS 1509 69.97 69.86 69.94 341874 4414
SFT 1511 69.99 69.98 69.90 342363 4413
Mean 1506 341165 4414
Table continues on next page
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Table 8: dimensions, mass, and density of the test blocks
(continued from  previous page)
Identity Mass
/£
X
/mm
y
/mm
z
/mm
Volume
/mm^
Density
/kg.m~3
SF1 1519 69.94 70.07 70.11 343588 4421
SF2 1532 70.17 70.28 70.29 346638 4420
SF3 1533 70.25 70.25 70.25 346688 4422
SF4 1533 70.26 70.20 70.27 346589 4423
SF5 1536 70.28 70.29 70.30 347281 4423
SF6 1535 70.31 70.30 70.22 347083 4423
SF7 1536 70.32 70.30 70.27 347379 4422
SF8 1528 70.29 70.23 70.00 345553 4422
SF9 1540 70.42 70.27 70.39 348319 4421
SF10 1543 70.41 70.39 70.44 349112 4420
SF11 1541 70.33 70.36 70.43 348517 4422
SF12 1540 70.35 70.41 70.31 348270 4422
SF13 1534 70.23 70.29 70.31 347083 4420
SF14 1537 70.29 70.31 70.35 347676 4421
SF15 1534 70.34 70.29 70.23 347231 4418
SF16 1535 70.37 70.32 70.18 347280 4420
SF17 1542 70.41 70.36 70.42 348864 4420
SF18 1532 70.23 70.32 70.20 346688 4419
SF19 1541 70.37 70.37 70.40 348616 4420
SF20 1021 70.25 70.31 46.76 230961 4421
Mean 1510 341471 4421
cpl 2791 73.49 103.60 619495 4505
cp2 1929 50.79 103.60 428142 4506
Mean 2360 523818 4505
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grit size paper. Final polishing was performed on cloth impregnated with 1pm 
diamond paste before finishing with a KOH suspension.
Chemical treatment is required to reveal the titanium microstructure clearly. Two 
etches were used to define the grain boundaries and phases for this project: an a /p  
etch (10% nitric, 2% hydrofluoric acid) followed by a stain etch (1% lactic and 1% 
hydrofluoric acid). Only a half strength a /p  etch was required for the commercial 
purity material.
All microscopy was performed on a Rolls-Royce Nikon optical microscope, and 
micrographs recorded using Polaroids and a thermal video printer. Calibration was 
achieved against a micrograph of a 1 mm long Leitz scale with 100 equal divisions. 
Alloying element variation was assessed using line scans on a scanning electron 
microscope with X-ray spectroscopy capability. These scans were carried out on my 
behalf by Ellen Cordall using Rolls-Royce’s own facilities at Elton Road.
5.4 Quantitative Metallography
The techniques used to quantify grain size and phase volume fraction from 
micrographs were described in the first section of chapter 2. Three ‘phases’ were 
encountered in this study: primary-a, transformed-p, and retained (grain boundary) 
p, in addition to larger structures such as colonies and macrograins. Individual a -  
lathes were considered too small to have a major influence on the scattering 
behaviour, and so were not quantified.
Volume fractions were determined independently in each of three planes, and grain 
sizes were determined in each of three directions. At least four independent 
micrographs were used for each grain size value, with five lines being drawn in each 
direction on each micrograph. For the thirty blocks sectioned, this required around 
2000 lines to be interrogated.
5.5 Metallographic Data
Optical micrographs obtained from some typical blocks are displayed in figures 30 to 
35, and the structural scales and volume fractions estimated using the techniques 
described above are summarised in table 9.
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Figure 34 M icro g ra ph s  o f  IM I m a ter ia l , x5
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T h e  In t e r a c t io n  o f  U l t r a s o u n d  w it h  t h e  M a t e r ia l  St r u c t u r e  o f  T it a n iu m  A l l o y s
Electron microscopy was also performed, using the electron microprobe to determine 
the typical variation in alloying element concentration across samples of fan disc 
material. The results from the line scans illustrated by the electron micrographs o f 
figures 36 and 37 are contained in table 10, and plotted as figures 38 and 39.
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T h e  In t e r a c t i o n  o f  U l t r a s o u n d  w i t h  t h e  M a t e r i a l  S t r u c t u r e  o f  T i t a n i u m  A l l o y s
F igure 36 Scanning  elec tr o n  m icro g ra ph  o f  fan disc m a te r ia l , x600 - 
Sa m ple  1
a) Backscattered electron image, line scan burned in S a m p le  1
b) Conventional image, same window as above
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T h e  In t e r a c t i o n  o f  U l t r a s o u n d  w i t h  t h e  M a t e r i a l  S t r u c t u r e  o f  T i t a n i u m  A l l o y s
Figure 37 Scanning  elec tr o n  m icro g ra ph  o f  fan disc m a te r ia l , x600 - 
Sa m ple  4
a) Backscattered electron image, line scan burned in S a m p le  4
* - / *5 * :
b) Conventional image, same window as above
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T h e  I n t e r a c t i o n  o f  U l t r a s o u n d  w i t h  t h e  M a t e r i a l  S t r u c t u r e  o f  T i t a n i u m  A l l o y s
Figure 38 L ine scan taken  from  sam ple  1 (fig ure  36)
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T h e  In t e r a c t i o n  o f  U l t r a s o u n d  w i t h  t h e  M a t e r i a l  S t r u c t u r e  o f  T i t a n i u m  A l l o y s
Figure 39 L ine scan taken  from  sam ple  4 (fig ure  37)
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T h e  In t e r a c t io n  o f  U l t r a s o u n d  w it h  t h e  M a t e r ia l  S t r u c t u r e  o f  T it a n iu m  A l l o y s
6 U l t r a s o n ic  E x p e r im e n t a t io n  a n d  R e s u l t s
6.1 Data Required
The root-mean-square microstructural backscatter is the main input for the 
measurement models, and this was determined from ‘grain noise’ and electrical noise 
levels. Other inputs required were the ultrasonic frequency, velocity, probe size, 
beam shape, material attenuation, front surface echo peak height, test geometry, and 
water properties. The methods used to collect this data will be described later in this 
chapter.
6.2 Ultrasonic data collection
All ultrasonic data were collected in the Rolls-Royce Elton Road NDE area. A ‘four 
foot tank’ (an open stainless steel cube of nominal length, width, and height o f 4 feet) 
was employed, two-thirds filled with deionised water at 26.5±1°C.. Three water 
coupled piezoelectric broad band probes were used with nominal frequencies o f 4,
10, and 15 MHz. Further details of the probes are contained in table 11. A 
Krautkramer-Branson USIP20 HR flaw detector provided the pulser/receiver circuits, 
and the output was sent to a LeCroy 9450A digital oscilloscope for display and 
digitisation. An IBM-compatible pc controlled tank movements, and it was also used 
to store digitised data through a connection from the LeCroy.
The operation of the ultrasonic tank was demonstrated to me by David Wright and 
Alan Cowling. After this training, a restricted level III ultrasonics approval was 
issued under the guidance of Hugh Craig, NDE Manager. Additional software was 
required for this project, and was written by Neil Davis of RR Automation (Alfreton 
Road) to the author's specification.
A full Operating Procedure is contained in Appendix 1.
Data was initially collected using a continuous xy scan, with all A-scan traces being 
stored. Later scans were performed with time averaging to reduce electrical noise, 
although this required the probe to be stationary at each point during data collection. 
The required scan time thus increased dramatically, from 10 minutes for one face of a 
block at each frequency to 45 minutes.
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All A-scans were digitised on 2000 channels and stored in their entirety on optical 
discs using a Panasonic WORM drive (Write Once, Read Many). Various display 
routines were written to my specifications, which allowed re-gating for C-scan slices 
and the taking of averages, root-mean-squares, and maxima.
6.3 Ultrasonic data processing
The A-scans produced during ultrasonic testing needed to be further processed to 
estimate the values required by the models. Attenuation, velocity, root-mean-square 
backscatter, and maximum backscatter are all required.
Attenuation is measured from the maximum heights o f the front and back surface 
reflections. These were measured (in dB), subtracted, and divided by the block 
thickness to obtain a ‘dB/mm’ loss factor. To estimate a true attenuation value a  (as 
described in section 3.11), correction is required to allow for beam spread and the 
transmissivity of the water/titanium interface. This can be conducted in a similar 
manner to {4.16}, but using a full measurement model as described in section 4.10 
and by Dr. Anson (1995). For easier theoretical manipulation, the results were then 
translated into nepers/metre, as described in section 3.5.
Velocity values were obtained from the dimensions of the blocks, and the time delay 
between the peak reading of front and back surface reflections on A-scan traces. 
Several A-scans at a range of frequencies were used for each measurement, and the 
median value taken. It should be noted that the measurements taken showed a narrow 
spread, allowing velocity values to be conservatively assigned an error of 1%. It 
should be remembered that the front and back surface echoes are 180° out o f phase: 
that is, if  the front surface peak signal is a positive displacement, the back surface 
peak will be negative.
The ‘rms’ and ‘max’ scans were produced from software written by Neil Davis, to 
my specifications. These time-domain scans (described in section 3.4) are calculated 
from an input set of A-scans. The operator selects the area of interest on a C-scan. 
Generally, this is a region within the block of as great an extent as possible, whilst 
avoiding edge effects or any other observable features. The software examines each 
A-scan from that area in turn, storing either the root-mean-square or the maximum 
value as a function of depth, to build up the required ‘rms’ or ‘max’ A-scan.
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6.4 Ultrasonic Data Representation
Data obtained for ultrasonic attenuation and microstructural backscatter are 
summarised in table 12, and displayed in figures 40 and 41.
‘Noise’ levels recorded in the course of this project were measured to ±0.1dB.
Further errors arise from the reference signal, probe normalisation, variations in tank 
temperature, and the subtraction of electrical noise. To quantify these effects, several 
sets o f data were collected independently from the same block. Table 13 contains 
noise data collected from IMI block 4 without time averaging (the electrical noise 
being subtracted as described in figure 21), and with time averaging. These data sets 
show a maximum difference of 7%, except for very low-scattering samples at high 
frequencies where the electrical noise was higher than the grain noise. In these cases, 
the subtraction method will not be as reliable, and data was generally collected with 
time averaging. An error bar of ±7% will thus be assigned to experimental data. 
Attenuation requires the collection of two surface reflections, both containing errors 
similar to the above. Twice the error would thus be expected. The data from RMI 
block T (table 13) represents a worst case, where each value represents a single spot 
reading taken on a different day, and the resulting maximum error is 2dB.
6.5 Calibration measurements
In addition to measurements specific to this project, all of the standard Rolls-Royce 
(1991a) calibration procedures were conducted. The first such procedure is to 
measure the amplitude distribution along the probe axis, using the reflection from a
2.5 mm diameter ball bearing. Figure 42 is a plot o f one water distance - amplitude 
curve obtained during this study. The probe was moved along the measured central 
axis o f the ultrasonic beam, and the echo amplitude recorded at each measurement 
point.
The principle measurement taken from such curves is the N-point, the position on the 
curve where the amplitude is at the furthest point of maximum intensity along the 
centre line of the probe (that is, the last axial maximum).
The N-point can be related to the frequency and size of the probe by the following 
equation (J & H Krautkramer, 1977):
N = d l ~ ^  ^  —  = —  {6 . 1 }
4A, 4A, A
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Table 12: ultrasonic data a) IMI Material
Block at 4MHz at 10MHz at 15MHz
direction velocity loss backseat loss Backseat loss backseat
km.s'l dBmrrr  ^ mV dBmmr* mV dBmmr I mV
1 X 6.22 0.13 279 0.20 56.2 0.26 18.2
y 6.20 0.13 321 0.19 58.3 0.24 19.1
z 6.23 0.14 29 0.21 10.2 0.32 3.46
2 X 6.13 0.13 276 0.16 74.5 0.21 19.3
y 6.16 0.13 256 0.17 59.3 0.25 19.5
z 6.22 0.14 26.6 0.20 8.91 0.27 3.18
3 X 6.16 0.13 264 0.18 57.5 0.23 15.2
y 6.16 0.13 288 0.18 60.3 0.23 15.8
z 6.19 0.14 26.4 0.21 9.38 0.26 2.92
4 X 6.16 0.12 262 0.16 54.0 0.20 16.3
y 6.16 0.12 235 0.18 50.0 0.20 14.4
z 6.19 0.13 27.7 0.20 8.69 0.31 3.51
5 X 6.16 0.12 283 0.17 58.5 0.25 16.0
y 6.17 0.12 289 0.17 59.5 0.23 16.7
z 6.22 0.13 28.7 0.20 8.69 0.29 3.48
6 X 6.17 0.12 190 0.16 43.4 0.20 11.7
y 6.17 0.12 218 0.16 49.3 0.19 13.8
z 6.21 0.13 24.2 0.19 10.2 0.29 3.98
7 X 6.20 0.20 189 0.30 42.0 0.40 8.77
y 6.22 0.20 193 0.31 43.3 0.41 8.91
z 6.19 0.20 187 0.30 39.6 0.42 8.00
8 X 6.19 0.21 171 0.31 38.5 0.42 9.23
y 6.22 0.20 171 0.30 39.2 0.44 8.43
z 6.19 0.20 178 0.29 38.9 0.41 8.46
9 X 6.15 0.12 248 0.16 59.8 0.23 17.0
y 6.16 0.13 244 0.17 55.8 0.22 15.1
z 6.23 0.13 22.0 0.20 8.16 0.30 4.56
10 X 6.18 0.13 254 0.18 52.5 0.24 13.8
y 6.15 0.13 306 0.17 61.6 0.22 16.9
z 6.21 0.13 26.3 0.20 12.0 0.29 2.98
11 X 6.20 0.14 256 0.18 54.2 0.25 14.6
y 6.23 0.13 244 0.19 51.1 0.27 15.5
z 6.21 0.13 26.8 0.21 8.89 0.32 5.08
12 X 6.17 0.14 227 0.18 50.5 0.25 15.1
y 6.15 0.13 267 0.18 59.4 0.23 17.7
z 6.19 0.14 29.2 0.21 9.00 0.29 5.08
13 X 6.16 0.13 321 0.17 62.0 0.24 16.2
y 6.17 0.12 282 0.17 55.5 0.21 14.6
z 6.19 0.14 25.9 0.20 8.21 0.27 2.70
14 X 6.17 0.13 312 0.18 58.5 0.24 15.2
y 6.17 0.12 302 0.17 56.4 0.22 15.1
z 6.20 0.14 26.9 0.20 8.40 0.27 2.67
15 X 6.20 0.12 258 0.16 51.5 0.20 13.1
y 6.19 0.12 249 0.17 49.9 0.20 12.5
z 6.19 0.13 24.6 0.18 8.53 0.24 2.81
16 X 6.20 0.13 226 0.17 52.9 0.23 17.4
y 6.20 0.12 260 0.17 62.6 0.22 19.7
z 6.18 0.13 34.7 0.19 11.2 0.29 3.81
17 X 6.20 0.20 205 0.31 45.1 0.43 7.52
y 6.20 0.19 199 0.31 43.9 0.45 8.38
z 6.18 0.20 200 0.30 44.9 0.43 7.82
18 X 6.22 0.20 211 0.31 40.4 0.42 9.33
y 6.22 0.20 175 0.31 40.9 0.42 9.14
z 6.19 0.20 216 0.30 39.1 0.38 6.91
19 X 6.20 0.14 212 0.20 55.5 0.24 16.9
y 6.17 0.13 215 0.17 57.5 0.22 16.8
z 6.18 0.13 13.5 0.18 7.59 0.25 3.01
20 X 6.19 0.13 211 0.16 44.0 0.23 14.0
y 6.15 0.12 214 0.19 48.1 0.20 16.1
z 6.23 0.18 17.0 0.25 6.33 0.30 5.12
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Table 12: ultrasonic data b) fan disc and commercial purity material
Block at 4MHz at 10MHz at 15MHz
direction velocity loss backseat loss backseat loss Backseat
km.s'l dBmm'I mV dBmm~l mV dBmm'l mV
1A X 6.22 0.12 62.2 0.17 26.8 0.21 4.14
1 y 6.20 0.12 77.5 0.16 19.2 0.20 5.92
z 6.21 0.13 52.0 0.16 19.2 0.23 5.10
1A X 6.21 0.13 60.9 0.17 16.9 0.19 3.79
2 y 6.22 0.13 99.2 0.16 25.8 0.20 7.13
z 6.19 0.13 42.1 0.16 12.7 0.22 3.79
1A X 6.21 0.14 78.8 0.17 22.1 0.22 5.10
3 y 6.22 0.13 100 0.17 22.5 0.20 6.65
z 6.19 0.13 41.5 0.16 12.9 0.24 2.37
1A X 6.22 0.13 83.4 0.17 20.0 0.21 6.46
4 y 6.21 0.13 103.9 0.16 28.8 0.21 7.37
z 6.19 0.13 41.1 0.17 12.7 0.25 5.14
1A X 6.22 0.13 65.4 0.16 23.2 0.22 4.17
5 y 6.20 0.13 109.6 0.16 23.4 0.21 8.60
z 6.19 0.13 39.6 0.16 12.9 0.22 4.17
1A X 6.21 0.12 57.4 0.15 10.6 0.19 5.83
6 y 6.19 0.12 76.1 0.15 15.9 0.18 7.67
z 6.22 0.16 42.3 0.20 10.7 0.23 7.29
1A X 6.20 0.13 61.0 0.16 11.7 0.20 5.98
7 y 6.20 0.12 72.8 0.14 14.5 0.16 7.21
z 6.18 0.16 45.8 0.20 10.8 0.24 5.62
IB X 6.22 0.13 54.3 0.18 12.8 0.23 3.73
1 y 6.21 0.13 55.8 0.17 13.0 0.22 2.35
z 6.19 0.12 57.2 0.16 17.5 0.20 5.05
IB X 6.21 0.13 88.9 0.17 20.5 0.23 5.96
2 y 6.21 0.13 41.1 0.17 10.6 0.22 0.00
z 6.19 0.13 66.8 0.17 16.6 0.19 5.14
IB X 6.22 0.13 59.2 0.17 14.2 0.23 4.83
3 y 6.21 0.13 44.7 0.17 11.5 0.20 3.80
z 6.19 0.13 49.2 0.17 14.0 0.20 3.39
IB X 6.22 0.13 69.0 0.17 14.6 0.24 4.42
4 y 6.21 0.13 99.3 0.16 23.7 0.23 8.04
z 6.19 0.13 44.8 0.17 14.6 0.23 4.73
IB X 6.20 0.13 86.3 0.17 19.4 0.22 6.17
5 y 6.23 0.13 108 0.17 20.1 0.25 5.92
z 6.19 0.13 46.2 0.17 13.1 0.26 2.91
IB X 6.22 0.13 77.7 0.17 16.5 0.24 5.88
6 y 6.20 0.13 91.0 0.17 18.8 0.21 7.06
z 6.20 0.13 49.8 0.17 13.7 0.22 4.11
IB X 6.22 0.13 68.1 0.17 16.2 0.23 4.48
7 y 6.21 0.13 100 0.17 21.8 0.24 8.35
z 6.20 0.13 51.9 0.17 13.7 0.23 4.80
IB X 6.21 0.13 90.5 0.17 18.3 0.27 5.79
8 y 6.21 0.13 120 0.17 20.9 0.22 6.32
z 6.20 0.13 57.4 0.17 15.5 0.27 6.57
IB X 6.21 0.13 86.7 0.17 20.4 0.24 6.23
9 y 6.22 0.13 108 0.17 22.3 0.24 6.23
z 6.20 0.13 52.9 0.17 15.6 0.27 4.53
IB X 6.22 0.13 120 0.17 15.5 0.25 4.47
10 y 6.21 0.13 209 0.17 26.6 0.22 7.72
z 6.20 0.13 87.7 0.17 13.5 0.28 3.36
IB X 6.22 0.13 139 0.17 15.0 0.24 4.40
11 y 6.20 0.13 169 0.17 19.1 0.20 5.56
z 6.20 0.13 92.1 0.17 13.8 0.21 5.56
cp X 6.01 0.13 45.6 0.19 15.4 0.30 7.90
1 y 6.01 0.13 52.4 0.19 15.0 0.30 7.49
cp X 6.00 0.16 48.6 0.23 16.1 0.35 8.43
2 y 6.00 0.16 48.9 0.23 16.8 0.36 8.62
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Table 12: ultrasonic data c) RMI material
Block at 4MHz at 10MHz at 15MHz
Direction velocity loss Backseat loss backseat loss Backseat
km.s'l dBmm'l mV dBmm'l mV dBmm'l mV
SFA X 6.20 0.17 65.0 0.27 18.2 0.39 5.20
y 6.18 0.15 167 0.20 33.9 0.28 11.8
z 6.26 0.16 130 0.26 27.7 0.39 7.02
SFB X 6.20 0.23 66.3 0.29 18.2 0.41 5.14
y 6.19 0.16 176 0.22 29.8 0.34 9.16
z 6.21 0.18 130 0.28 26.7 0.40 7.59
SFC X 6.21 0.18 65.4 0.31 20.5 0.39 4.17
y 6.25 0.20 148 0.30 29.9 0.36 7.37
z 6.18 0.16 186 0.22 37.0 0.31 10.6
SFD X 6.20 0.19 71.0 0.29 18.8 0.44 4.50
y 6.19 0.17 200 0.22 32.0 0.31 10.2
z 6.21 0.19 139 0.29 28.2 0.39 7.56
SFE X 6.22 0.19 69.6 0.30 18.1 0.44 4.08
y 6.25 0.19 136 0.28 27.2 0.42 6.79
z 6.18 0.16 207 0.22 33.5 0.30 10.2
SFF X 6.18 0.20 72.3 0.30 18.8 0.39 4.70
y 6.19 0.17 186 0.23 30.1 0.39 5.27
z 6.21 0.19 129 0.30 25.0 0.40 7.17
SFG X 6.20 0.18 65.6 0.32 17.6 0.44 4.53
y 6.26 0.20 134 0.31 26.3 0.40 7.40
z 6.18 0.16 199 0.22 32.4 0.28 10.6
SFH X 6.18 0.20 67.0 0.30 16.4 0.41 2.37
y 6.18 0.17 185 0.24 29.5 0.32 9.44
z 6.25 0.21 124 0.29 25.9 0.38 6.15
SFI X 6.25 0.18 137 0.28 27.1 0.42 7.96
y 6.18 0.16 197 0.23 36.9 0.32 11.8
z 6.22 0.21 67.6 0.33 18.1 0.45 6.26
SFJ X 6.21 0.19 126 0.30 25.7 0.39 7.42
y 6.18 0.17 174 0.24 29.1 0.31 9.94
z 6.19 0.21 69.1 0.30 17.6 0.42 4.54
SFK X 6.18 0.22 71.9 0.32 16.4 0.45 4.53
y 6.22 0.21 141 0.31 25.4 0.39 7.40
z 6.18 0.17 209 0.23 31.1 0.32 10.4
SFL X 6.19 0.20 65.0 0.30 15.0 0.41 3.33
y 6.25 0.20 136 0.30 24.0 0.40 6.81
z 6.18 0.16 185 0.24 29.0 0.34 10.1
SFM X 6.19 0.20 71.9 0.32 16.9 0.41 4.16
y 6.18 0.16 207 0.23 30.4 0.33 10.2
z 6.22 0.21 141 0.33 24.8 0.44 6.44
SFN X 6.21 0.20 68.4 0.28 21.0 0.43 5.29
y 6.18 0.16 170 0.23 37.5 0.35 9.83
z 6.25 0.19 128 0.30 31.4 0.43 6.98
SFO X 6.26 0.18 133 0.30 33.1 0.45 7.64
y 6.17 0.17 189 0.23 42.3 0.29 10.5
z 6.23 0.20 66.0 0.31 21.0 0.43 4.42
SFP X 6.22 0.19 66.3 0.30 18.5 0.44 3.77
y 6.19 0.17 180 0.25 37.8 0.30 9.64
z 6.25 0.20 129 0.29 31.8 0.38 5.92
SFQ X 6.25 0.20 134 0.29 33.4 0.40 7.75
y 6.18 0.16 200 0.22 44.0 0.34 11.0
z 6.31 0.22 60.8 0.31 19.4 0.43 7.11
SFR X 6.24 0.19 133 0.29 32.7 0.44 7.41
y 6.19 0.16 207 0.23 41.3 0.32 10.5
z 6.23 0.20 70.8 0.30 21.7 0.45 5.29
SFS X 6.24 0.17 145 0.29 34.7 0.37 7.82
y 6.18 0.15 205 0.21 45.6 0.28 11.7
z 6.23 0.19 64.5 0.30 21.0 0.42 3.41
SFT X 6.23 0.18 140 0.26 33.8 0.35 8.26
y 6.18 0.15 188 0.23 39.7 0.28 9.41
z 6.22 0.18 67.1 0.28 21.9 0.36 1.70
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It must be remembered that the pulse will contain a range of frequencies. Where the 
peak (or ‘nominal’) frequency is used, the equation should then only be considered as 
an approximation - the actual position of the N-point must be measured.
Note that the above definition of the ‘N-point’, common amongst ultrasonic NDT 
practitioners, is not universally accepted. Care must be exercised, as physicists 
generally define the N-point differently, as the last axial maximum in the acoustic 
field. This is more closely modelled by reflections from an infinite plane surface, and 
the infinite reflector value is much larger than the ‘ball-bearing’ N-point that we shall 
use.
Figure 42 also illustrates a simple Gaussian curve. This can be a useful 
approximation to the water distance -  amplitude curve in the far field, beyond the N- 
point.
The curve is also useful in deciding what water gap to use for an inspection. The 
‘near’ field of the probe is prone to interference, and hence unreliable, and therefore 
the water gap is often set to equal the N-point distance. This provides the best near 
surface resolution (NSR). Where a greater thickness of sample is to be inspected, the 
N-point is usually positioned slightly inside the part. The minimum water gap 
allowed at Rolls-Royce corresponds to the point on the distance amplitude curve 
where the measured amplitude is 6 dB lower than at the N-point (Rolls-Royce,
1991a). This point is indicated in figure 42 for one of the probes. Throughout this 
study, all experimental data was collected using the measured minimum water gap 
for each probe.
The above procedure mapped the axial beam shape in water, but the behaviour within 
the test piece is of primary interest. The metal path length, z r, is the distance from the 
smooth top face to a feature within the test piece. The metal path -  amplitude curve 
will have a similar general shape to that in water, and examples for the probes used in 
this study are plotted in figure 16. This obviously cannot be measured like figure 42, 
using a ball-bearing. Instead, a series of blocks was used, each containing a 
flat-bottomed hole with the same diameter but different metal path length.
Figure 16 can be used to calibrate a signal received from a defect at any depth within 
a sample o f the same material. In this example, the block material was 316 stainless 
steel. Correction factors may be applied for other materials. The data for such a metal
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path - amplitude curve should be collected using a FBH size suitable for the 
inspection level required, and at the same water gap that will be used for the part.
As well as axial variations, we can also quickly produce an approximate assessment 
of the test beam diameter. The beam width is commonly defined as the distance 
between the 6 dB down points on either side of the peak signal from a standard 
reflector. So the peak response is first obtained, and the probe then moved sideways 
until the peak is halved in height (a decrease of 6 dB). This can be thought of in terms 
of half of the reflector being insonified. The probe is then moved back through the 
peak to the 6 dB down point on the other side of the reflector, and the distance moved 
is taken as the beam diameter (at that particular water gap and metal path).
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7 M o d e l l in g  o f  U l t r a s o n ic  In t e r a c t io n s
7.1 Approaches to Ultrasonic modelling
Several distinct approaches to the modelling of ultrasonic signals are described in 
this chapter, and applied to the data sets collected above. Simple empirical methods 
are possible, correlating the observed response with the observed metallurgy or 
processing. These can either be implemented using graphical representations and the 
human brain, or a neural network. Various computerised methods have also been 
tried, using ray tracing or finite element approaches. Finally, there are full theoretical 
and statistical approaches, attempting to summarise scattering behaviour in a single 
equation.
7.2 Empirical Methods
The simplest method of attempting a correlation is by graphical plot and inspection - 
but the graphs of figures 40 and 41 contain too much information to be of any great 
use for this purpose. The data will be simplified through the application of scattering 
models later in this chapter, but for current purposes, a correlation routine able to 
absorb more numerical inputs than the human brain is required. Artificial neural 
networks fit this description, and the Rolls-Royce in-house experts on advanced 
computational techniques were contacted for further information.
A neural network programme, NetWin, was supplied by Peter Cowley of 
Rolls-Royce Applied Sciences Laboratory as a convenient method for further 
examining correlations within the data sets. Figure 43 summarises the operation of a 
neural network.
Data to be fed into the network needs to be scaled such that all values fall between 0 
and 1. This was accomplished using the scaling factors at the foot of table 9, the rest 
of the table showing the complete unsealed data. The data must then be divided into 
two halves: the first set is used to train the network, the second set to validate the 
predictions.
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The network learns from the first half o f the data, correlating the metallurgical inputs 
(first seventeen columns) with the ultrasonic outputs (last six columns) using a pre­
set number of mid-layer neurons. The network will always find a correlation, for 
linear, non-linear, or even random systems. Half of the data has been kept back to 
check this correlation.
The network applies what it has learned from the first data set to the metallurgical 
validation data, predicting the ultrasonic data. If  these predictions are close to the 
corresponding ultrasonics data, then the network is finding a real correlation. If  there 
is no correlation, the network would still try to learn one from the training data, but 
its error would become apparent from the validation data.
The network was applied to the full data set of table 9 and various subsets, divided in 
various ways and with a variable number of mid-layer neurons. A learning rate of 
0.01 with 0.9 momentum was used throughout.
7.3 Performance of the neural network
The most reliable results were obtained by rearranging the data into two sets of 128 
lines, with structural sizes, volume fractions, and block type as the main inputs. The 
outputs are all scaled to lie between 0  and 1 : scaling factors to reproduce the absolute 
numbers are indicated in table 9.
From figure 44, it can be seen that a reasonable fit has been made, and this network 
could be used to model ultrasonic properties. The line drawn is not a best fit - it 
indicates perfect modelling of the ultrasonic response. However, this empirical 
approach has no understanding of the mechanisms of ultrasonic response, and 
requires large amounts of data for validation. Even to apply the findings o f this 
approach to similar material without collecting any validation data would be 
dangerous, unless an adequate appreciation of the underlying physics has been 
obtained.
This network may well subsequently be used to model ultrasonic behaviour, but in 
this project its primary purpose has been as a research tool. The value lies in further 
interrogating the network, and extracting the weighting given to various inputs.
These weightings or sensitivities indicate relatively how important the various inputs 
are in determining the ultrasonic response.
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Figure 45 shows the relative weightings given to the various inputs by the neural 
network in its attempts to predict ultrasonic attenuation and microstructural 
backscatter. ‘Block type’ allows the network to differentiate between fan disc, RMI, 
and heat-treated IMI blocks, in case there are any differences between them not 
adequately modelled through grain size and phase fractions - it is given a 
reassuringly low weighting.
It can be seen that the most important parameter is probe frequency. Three probes 
were used, at 4, 10, and 15 MHz, and each of these probes has an associated 
frequency distribution, probe size and damping, inspection geometry, etc.. Each o f 
these experimental variables will also affect the measurements, but with only three 
probes the network will not be able to separate their effects. ‘Frequency’ is therefore 
just a label for that particular set of conditions, and this weighting reflects the entire 
measurement model.
Some variability was shown in the subsequent sensitivities, as indicated by the neural 
network weightings. This is probably due to the network latching on to relationships 
between microstructural inputs, and so care must be taken in interpreting these 
results. The most consistently important inputs were colony size parallel to the 
ultrasonic pulse, grain size perpendicular to the propagation direction, and volume 
fraction of the second phase (transformed-P).
The colony is expected to be the dominant scattering unit, and thus it is no surprise 
that this scale parallel to the beam is a dominant input. Sizes perpendicular to this 
will affect the lateral coherence of the grain boundaries, having a secondary effect. 
There will also be some ‘second-phase’ scattering, dependent on the volume fraction 
of transformed-p. These mechanisms are discussed further in later sections.
7.4 Computer-based modelling
Ultrasonic testing initially appears suitable for computerised modelling. The basic 
physics is well understood, and all the inputs are measurable. Success has been 
obtained with finite difference models in predicting the interaction between 
ultrasound and flaws (JAG Temple, 1988), and with ray tracers in predicting the 
propagation o f ultrasound beams through complex geometries (A Turnbull and M 
Garton, 1994).
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We are concerned with the measurement and prediction of the material's attenuation, 
velocity, and backscatter in the absence of any features. Computer models are less 
suitable for such uses, since they would require an entire three-dimensional 
microstructure with crystallographic orientations as input. To assess the propagation 
through a large enough number of grains to be representative would require a 
prohibitive amount of time for the metallography and computation. The results 
produced would then be valid only for the microstructure that the programme was 
given, and considerable care would be required for generalisation. Calibration with 
experimental results is an additional problem. In summary, such models are unlikely 
to be o f use for the prediction of material properties relevant to ultrasonics. However, 
they do have their applications:
Finite element/difference models have been used by many workers (JAG Temple 
1988: N Saffari and J Zhou, 1994: S Klaholz, et al, 1994: R Marklein, R Barman, and 
KJ Langenberg, 1994), and have achieved success in predicting the signals received 
from cracks in idealised materials. They have also been widely used in qualitatively 
assessing propagation through large-grained highly aligned austenitic steel welds 
(JAG Temple, 1988: S Klaholz, et al, 1994). In such cases, the geometry is rather 
simple and relatively few grains need be considered.
In their simplest form, ray tracers treat the ultrasonic pulse like a light beam. Its 
refraction and reflection at interfaces can then be assessed using Snell's Law. For 
ultrasonic pulses, a full beam profile can be built up by superimposing several rays. 
Values can be inserted for the attenuation and velocity of the insonified material.
Such models can track a pulse through several internal reflections, predicting the 
resulting A-scan in terms of reflection arrival times and approximate peak heights. 
They must neglect effects due to the wave nature of ultrasound, therefore these 
represent 'maximum possible' peak heights and make no allowance for noise or 
backscatter.
Several ray tracers are currently available (A Turnbull and M Garton, 1994: JA 
Ogilvy, 1986: RE Beissner, et al, 1994: T Furukawa and K Date, 1994: D 
MacDonald, M Koshy, and J Isenberg, 1994), of which the most advanced and 
flexible is that developed by Turnbull and Garton at the Center for NDE at Iowa 
State University. These models all treat the material as a continuum described by
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macroscopic parameters. It would be theoretically possible to consider each grain as 
a separate material, allocating it slightly varying properties to simulate the effects of 
crystallographic orientation. However, to use this approach would rapidly run into 
the problems described at the beginning of this section.
Monte Carlo Techniques are another approach. They generally require the incident 
ultrasonic pulse and a measure of the grain size as inputs. A random microstructure is 
then created based upon that grain size, and a reflection assigned to each grain 
boundary with amplitude dependent on the randomly assigned orientation mismatch. 
These returning reflections are then put together to form a simulated A-scan. One 
such routine (I Yalda-Mooshabad, FJ Margetan, and RB Thompson, 1994a) has 
found application as a research tool, and it is indeed useful in appreciating the 
complexity of an A-scan. However, it is purely a procedure for creating simulated A- 
scans: not for processing real ones.
None of these approaches was thought to be directly relevant to the current scope of 
this thesis. However, it may be possible in the near future to combine the results o f 
this thesis and other theoretical considerations with a suitable computerised model to 
produce a powerful tool for design and manufacture, and to improve the inspection 
process.
7.5 Theoretical Models
Theorists attempting to model the behaviour of material during ultrasonic inspection 
generally attempt to break the problem down into two distinct halves. Firstly, there 
are the experimental conditions and geometry, and then the basic ultrasonic 
interactions with material properties. This leads to two distinct models, a 
measurement model and a scattering model, linked by a variable such as the 
backscatter coefficient, rj. Thus, the general modelling scheme for the prediction of 
ultrasonic backscatter from metallurgical inputs is illustrated by figure 46.
The limitations of this approach, routing all the microstructural information through a 
single variable, should be appreciated. The backscatter coefficient refers to one 
particular microstructure, viewed from one angle, at a single ultrasonic frequency. If 
the microstructure varies too rapidly at the scale of the inspection, then it would be 
unwise to attempt to describe it by a single average value. In addition, if  the
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inspection is to view the microstructure from several angles, a different coefficient 
should be used for each angle.
In practice, inspection is usually carried out over a small range of (approximately 
normal) angles -  but a wide variety of microstructures and a broad range of 
frequencies may be encountered. Even in these circumstances, the backscatter 
coefficient can be a useful tool.
7.6 Measurement Model
The basic model will be that summarised and developed in this thesis, with the 
assistance of Dr.Les Anson (as detailed in appendix 2). This model is based upon the 
‘Independent Scattering Model’ of Margetan, Thompson, and others (described in 
section 3.12). It deviates from their approach in using a plane piston transducer 
model, rather than a simple Gaussian approximation (LW Anson and RC Chivers, 
1995). All the relevant inputs, including microstructural backscatter level and 
attenuation, were measured as detailed in previous chapters.
The main difficulty with the implementation o f this model is that all the calculations 
should be carried out in the frequency domain, i.e. the A-scans are Fourier 
transformed and the attenuation and backscatter determined as a function of 
frequency. Suitable processing routines were not available within this project. The 
method adopted was to measure the length of the pulse used (around two wave 
lengths full width at half maximum height), and adopt a model similar to the 
Margetan and Thompson ‘tonebursf approach (FJ Margetan, et al, 1994a: LW 
Anson, 1995). This is the equation that we have applied to the data to obtain our 
‘measured’ backscatter coefficients - effectively assuming the pulse to be a simple 
series of harmonics. A preliminary error consideration indicates that this 
approximation will be accurate to within 10% (LW Anson, 1995).
This accuracy is deemed sufficient for present purposes. In order for the backscatter 
coefficients quoted here to be considered truly generic, and applied to other probes 
and inspection geometries, this error calculation should be reviewed: or the full 
model applied to the stored data. It does not affect the stated aim o f this project, 
investigating the scattering response of titanium microstructures, although it should 
be noted that frequency dependence is particularly susceptible to errors in the 
measurement model.
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The quoted backscatter coefficients must also be taken as equipment-specific. Once 
the measurement models have been rigorously applied, or the approximation 
demonstrated to be valid, then the database o f generalised backscatter coefficients 
will be of considerable interest to other workers, and will be published in an 
appropriate journal.
After applying the above approximation, the measurement models were applied to 
the raw ultrasonic data of table 12, by both Dr.Les Anson at Surrey University and 
the author. Dr. Anson employed a polynomial fit to the solutions o f the above 
equations for the probes and geometry of this study, written into a software routine in 
‘C \ Meanwhile the author coded the equations into Mathematica. Identical results 
were achieved, providing independent corroboration o f the processing routines. The 
resulting attenuation coefficients and ‘tonebursf estimates of the backscatter 
coefficient are contained in tables 9 and 14.
7.7 Scattering model
The models used for scattering are based upon the Rose model, {4.35}, and in this 
thesis were implemented within suitably designed Excel spreadsheets based upon the 
microstructural data summarised in table 9.
The Rose model uses a single unspecified microstructural scale, a. In practice, real 
microstructures contain a variety of structural scales in three dimensions. The effects 
of these different scales in various directions have already been discussed. It is to be 
expected that the 'linear-intercept' values of 4.1.2 in the direction of pulse 
propagation will be the most important microstructural parameter.
Colonies are the dominant scattering scale for orientation scattering. Where a second 
phase is present, a second term must be added to the scattering equation, in a similar 
manner to {4.36}. However, the relevant structural scale for this component o f the 
total scatter will be the primary-a/transformed-p grain size.
The choice of elastic constants is crucial to the absolute level of the predicted scatter. 
These constants appear in two distinct parts of the scattering equation {4.36}. Firstly, 
Cjjo  can be predicted from published elastic constant data, or estimated from 
velocity measurements taken on the block in question, using {3.18}. The other term 
is the scattering vector, Q. This can also be calculated from published data {4.8}, but 
is difficult to estimate experimentally, as discussed in section 8.4.
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Published values for the elastic constants have already been discussed, in section 2.5, 
and various values for titanium quoted in table 1. Han’s values for titanium-6 A1-4V 
(KY Han and RB Thompson, 1994) colonies are the most appropriate for colony 
orientation scattering, and provided the best approximation to the velocities 
observed. Her relationships for elasticity variation with alloying content were also 
used to assess second phase scattering.
The scattering vector Q is a small difference between relatively large terms in C y2, 
and is thus extremely sensitive to the exact values used. Choice of elastic constants is 
therefore critical to any estimate of the microstructural backscatter. For example, the 
two most reliable sources of data for pure a-titanium single crystals (ES Fisher and 
CJ Renken, 1964: JW Flowers et al, 1964) are within 2%, yet produce estimates for 
Q differing by a factor of 2.
This variation is observed under laboratory conditions, for materials prepared to the 
same exacting levels of purity. Commercial alloys will show less homogeneity. They 
contain alloying additions, which will vary throughout the specimen, and regions o f a 
sample will have differing thermal and mechanical histories. Therefore, in these 
materials it is challenging to estimate Q. Using the pure a  values (ES Fisher and CJ 
Renken, 1964: JW Flowers et al, 1964), and Han’s relationships (KY Han and RB 
Thompson, 1994) within the expression for Q, it can be seen that it would be 
dangerous to assign an error margin of less than an order o f magnitude.
Values for the backscatter coefficient extracted from measured noise levels, and 
predicted using the Rose model are contained in table 14, and plotted in figure 47. 
The predicted second phase scattering component at 15 MHz is much larger than the 
other values, but shows the general form displayed by this model for all three 
frequencies: an initial rapid rise with increasing measured backscatter levels, 
followed by an almost linear decrease.
Figure 48 illustrates the data for the IMI blocks at a single frequency, plotting the 
single-phase Rose model prediction for the alloys under test. This shows a linear 
relationship, at measured backscatter coefficients up to 0.1 m '1. Similar curves can be 
plotted for other block series and other frequencies, although the curves are not 
continuous between series and the 15 MHz probe is not as well modelled.
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8 D is c u s s io n  o f  R e su l t s
8 .1 Measurement Models
Conventional NDT practice calibrates ultrasonic response through reference to metal 
path -  amplitude curves obtained using blocks containing standard reflectors.
In this study, consideration of the measurement models has developed understanding 
of the calibration routines, and produced ‘absolute’ transferable measurements. This 
is in itself a major step forward.
However, it should be remembered that full implementation of the measurement 
model in the frequency domain has not yet been completed. Rather than the 
experimental broad-band inspection pulse, a ‘toneburst’ measurement model was 
used, as discussed in section 7.6. This will have distorted the measured frequency 
dependence, and incurred a systematic error in the absolute values quoted. This error 
has been estimated as 10% (LW Anson, 1995), being at its most severe for the higher 
frequencies.
A fuller treatment is under consideration, using Fourier transforms to determine the 
frequency spectra of the initial pulse and backscattered signals. This would allow the 
validity o f the approximation used here to be reviewed against more robust results, 
and so improve confidence in the error estimation.
8.2 Scattering models
The theoretical and empirical approaches both demonstrate that a sound 
understanding of the basic mechanisms of ultrasonic scattering has been reached. The 
primary variables are the colony size parallel to the inspection direction, the 
perpendicular grain size, and volume fractions for multi-phase materials.
However, although we are able to understand the general scattering behaviour, this 
understanding does not at present lead to a fully reliable scattering model. Firstly, 
problems are encountered when attempting to reduce the raw equations into a readily 
calculable form. In particular, a single monochromatic ultrasonic frequency has been 
assumed, whereas the experimental work was conducted with conventional broad 
band piezoelectric probes.
Secondly, problems are experienced in interpreting and producing reliable 
microstructural inputs. For example, the microstructure is generally represented
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simply by an unspecified ‘grain size’ - however, real materials contain a range of 
sizes on a variety of scales. Within this thesis, the model has been independently 
applied to each scale, using a mean linear intercept measure of structural scale in the 
direction of pulse propagation. The scattering due to the presence of a second phase 
has also been ‘tacked on’ as an independent term, and the lateral coherence of the 
boundaries - partially described by the perpendicular grain size - has not been 
modelled. For full implementation of the model, a robust treatment of a three- 
dimensional multi-phase distribution of grain sizes would be required. This could be 
achieved through a more accurate definition of the two-point correlation function. 
The danger is that this approach could make the model practically useless - leaving it 
dependent on such a comprehensive set of inputs that it would be simpler to make 
and test the material than to collect all the required values. Therefore, such a 
development in complexity of the model would lead to yet more work, for the 
metallurgist attempting to relate these variables back to the material and processing 
history.
8.3 Errors in the estimation of backscatter coefficients
Backscatter coefficients that have been calculated using the Rose model (equation 
{4.36}) can be assigned an experimental error using:
4^  + 3 * + 2^  + ^  {8.1}n v /  a p Vv
This results in an experimental error estimation of around 5%, for the backscatter
coefficients estimated from microstructural data as presented in this thesis.
A further source of error results from the sensitivity of the scattering vector Q to
small variations in the elastic constants, as discussed in section 7.7. This leads to Q
only being defined to within an order of magnitude.
There is then a correspondingly substantial error in the backscatter coefficients. This 
error is fully systematic, and does not affect relative backscatter estimates within this 
thesis. However, it should be remembered when comparing values against measured 
coefficients, or when these estimates are used outside of the context of this thesis. 
This situation is not entirely satisfactory, and would be suitable for further detailed 
consideration in its own right. If it proves impossible or impractical to measure the 
elastic constants in sufficient detail to define Q accurately, direct methods should be
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considered for estimating the scattering vector. One such method is used in the next 
section -  though for the purposes of this thesis, it is open to accusations of 
circularity.
8.4 Comparison of measured and predicted backscatter coefficients 
If the available models were able to describe the interactions of ultrasound with 
material structure fully and quantitatively, then values obtained from ultrasonic data 
using measurement models should agree with those predicted from metallographic 
data using scattering models. However, the team at Iowa State University (RB 
Thompson, et al, 1991a) were the only previous workers to attempt such a feat. 
Although they reported preliminary values within an order of magnitude, when their 
data was reassessed in section 4.5 of this thesis using the correct form of Rose’s 
equation, they were found to be out by a factor of over 1 0 0 .
To analyse the data collected here, the optimistic approach is to plot all available 
data, and hope for a fit. Unfortunately, figure 47 is the result: it shows no clear 
correlation between measured and predicted values. If instead we look at a single 
series of blocks and a single probe, then the data is much better behaved.
Figure 48 represents the microstructural predictions and measured coefficients for the 
IMI blocks at 10 MHz. The factor of 2 difference between ‘measured’ and 
‘predicted’ values is well within the error attributed to Q in the previous section. It 
should be noted that this error is fully systematic within a block type. Plotting a 
linear ‘best-fit’ on this graph, and adjusting the scattering vector such that its gradient 
is 1, may even be the most accurate method of estimating Q for the test material! 
Deviations from this ‘best-fit’ are all within the estimated 10%, except for a few 
points showing unexpectedly high scattering (7/>0.14 m'1). Further examination of 
these samples (and the corresponding test geometry) reveals the grain structures to 
have shown a high degree of lateral coherence perpendicular to the ultrasonic beam.
It should thus be noted that our application of the Rose model has failed to take 
sufficient account of this variable.
Similar observations are made across all block types and frequencies, although the 
modelling accuracy is best at lower frequencies and lower second phase content. 
Discontinuities were observed across material series, and between frequencies. The 
variation across material sources may simply be due to differing Q figures, but could
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also result from additional parameters unique to each block type not being adequately 
modelled. Such parameters include the distribution of grain sizes, porosity, degree of 
mechanical working, and grain boundary geometry.
The frequency response cannot be adequately commented upon in this study. We 
have used a ‘tone-burst’ approximation to the broad band of frequencies generated by 
the probes, and only three probes have been used. Each contains more variables than 
just frequency. For example, probe diameter, thickness of the piezoelectric element, 
damping, water gap, and band-width.
8.5 Spurious Echoes
An understanding of scattering theory leads to the conclusion that certain 
microstructural features will produce indications that, when viewed from particular 
angles and at particular frequencies, will resemble solid echoes from a defect. Such 
indications have been reported in the literature, and in several cases subsequent 
microstructural investigation has revealed a large coherent flattened colony. These 
colonies would be expected to produce a large indication, due to their shape and 
perhaps a larger than average orientation mismatch with the surrounding material. 
These indications will usually disappear when viewed at a different frequency, or 
from a different angle - supporting the generally accepted NDE practice of seeking 
corroborating signals for borderline indications. However, some real signals from 
subtle defects can also be made to disappear with a careful choice of conditions - so 
care is required, and further theoretical consideration of the risks is advisable.
One way to approach this problem would be to model the features produced during 
the production of a common aerospace component, and then simulate inspections 
from a range of angles using a variety of probes. The features should include benign 
features, such as flattened grains, as well as defects. Probability of detection figures 
can then be assigned as described in the next chapter, allowing a review of which 
features appear and disappear as inspection geometries vary.
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9 C o n c l u s io n s
9.1 Backscatter Coefficient
A transferable ultrasonic backscatter coefficient, 7  (in m'1) has been defined, and 
may be quoted as a measure of the inherent ‘noisiness’ of a microstructure. This 
measure complements the attenuation coefficient, or, and could be applied to material 
specifications.
At present, specifications either do not mention ultrasonic properties: or simply 
require ‘noise’ to be below a certain level relative to a FBH. This measure does not 
allow for the nature of ultrasonic backscatter, and is system-specific. An ultrasonic 
performance specification in terms of a and 7  would be valid across all inspection 
conditions, and provide an unambiguous statement of the acceptability of material. 
Such a clear specification would enable improved estimates of the reliability of 
inspection, and prevent commercial difficulties surrounding the rejection of material. 
For example, if test samples fail to meet mechanical specifications (e.g. tensile 
strength), then the whole batch of material is rejected back to the supplier: to his 
considerable expense. Current ultrasonic specifications are less clear. The material 
may be acceptable on the producer’s test rig, but not on that at the forger or end 
customer. When this material is rejected, who pays for it?
The presence of 7  and a in the material specification would resolve such problems, 
and indicate whether the material supplier, or the inspection process, is to blame.
9.2 Measurement models
Measurement models have been reviewed, and compared with commercial 
calibration using standard artificial defects. The potential exists for measurement 
models to replace such time consuming calibration procedures, or at least reduce the 
number of flat-bottomed holes required.
Procedures incorporating some of these recommendations are under review at Rolls- 
Royce, and flaw detection system manufacturers have expressed an interest in 
incorporating relevant software within their products.
9.3 Modelling of scattering behaviour
Methods for the prediction of both a and 7  have been presented. This thesis includes 
the first published attempts to predict backscatter coefficients from metallographic
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properties, and a high degree of success has been achieved. The principal barriers to 
achieving predictions within 1 0 % are the definition of the scattering vector Q and 
allowance for lateral coherence within the test material.
Even with these difficulties, useful predictions can be made. One application would 
be in the development of new aerospace alloys. The production and manufacturing of 
test batches of new titanium alloys is extremely costly, and there is always a risk of 
failure. Therefore, extensive modelling is required in order to persuade managers that 
the benefits are worth the investment.
Alloys have been developed in the past with improved material properties -  but all of 
this advantage has then been lost through poor ‘inspectability’. A higher ‘noise’ level 
means a larger defect that the inspection might miss. The design engineer must allow 
for this possibility, most simply through increasing the thickness of the component. 
This would rapidly outweigh any advantages that improved mechanical properties 
might offer.
For the alloy designers, this is a particular concern, as they have not had a method for 
predicting ultrasonic performance. There would be no warning of the problem, until 
after the money had been spent and the samples produced. However, the scattering 
model as it stands today would be able to give them an ‘order of magnitude’ 
prediction immediately. Even this would have been enough to save substantial 
amounts of money in the past. With further work on Q, and a semi-qualitative 
appreciation of the lateral coherence expected within the component, this could be 
refined to within 1 0%.
9.4 Probability of detection
The results of this thesis may also be applied to improved estimates of the probability 
of detection. The same approach serves for both defects, where we are interested in 
accurately defining and minimising the flaws that might be missed, and benign 
microstructural features, where we are interested in reducing ‘false calls’.
The detectability of small flaws has been discussed on several occasions in this 
thesis. Hard-a was mentioned as a model ‘subtle’ flaw, with a prediction that a small 
grain-shaped flaw must contain at least 1 2at% nitrogen for it to be theoretically 
detectable. Similar considerations could be applied to a variety of flaws, allowing the 
prediction of probabilities of detection for a range of flaws and inspection
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geometries. When combined with the database of ultrasonic response and a ray 
tracing routine, this would produce a very powerful tool for the assessment of 
inspection reliability and consequent safe product life.
For example, an inspection simulation could be performed using a ray tracer. This 
will give the maximum possible peak height for the indication resulting from a 
feature. Considerations from this thesis, such as those used in figure 23, can then be 
applied to the indication and the surrounding backscatter signal, compared with the 
system capabilities, and a probability of detection assigned.
9.5 Data collection
Ultrasonic research has generally been theory-driven, with practical application 
following some way behind. The scattering models reviewed have generally been 
available in the literature, in various forms, for thirty years or more: Rose (1994) and 
other workers represent little more than tidying of the equations of Papadakis (1968) 
and others. A detailed experimental survey, collecting parallel databases of 
metallographic and ultrasonic data, has been absent. No such survey had previously 
been attempted.
This thesis has filled that gap, and as such the extensive database of microstructures 
and corresponding ultrasonic A-scans must be seen as the principle result of this 
study. These experimental results can be used to challenge and develop the 
theoreticians, as I have attempted to do in this thesis.
Further development of this database would be of great value, using a wider range of 
probes and other materials. The customers for this data would be design engineers 
interested in producing inspectable structures, NDE practitioners designing 
inspection routines, and lifing engineers predicting detection probabilities.
9.6 Neural networks
The more data points are amassed, the more accurate a neural network approach 
becomes. This thesis produced the first published attempt at an ultrasonic response 
database, and the first attempt to apply a neural network to ultrasonic data. This 
produced important pointers for theoretical study, through the predictions and in 
particular the weighting it developed. With further development, and a great deal 
more data from a range of probes and materials, the network predictions will 
improve.
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At present, this approach is at an early stage. It is a promising line of inquiry for 
predicting ultrasonic response from microstructural inputs, but requires the attention 
of personnel better versed in neural network techniques than the present author.
9.7 Frequency domain processing
This project has highlighted the frequency dependence of ‘grain noise’, and it has 
been suggested that signal-to-noise ratios could be improved by the removal of 
frequency-dependent signals. This has been termed ‘split spectrum processing’, and 
is effective for improving the resolution of flat-bottomed holes. However, as can be 
seen from figure 49, the ultrasonic response of real defects can also be frequency 
dependent. Therefore, any attempt to suppress noise by this method may also 
suppress some flaws.
Despite this major difficulty, the basic principles of split spectrum processing remain 
attractive. It can be seen (from figure 49 or the Rose model) that the frequency 
dependence of the backscattered signal (or of the attenuation) depends upon the size 
of the scattering unit relative to the ultrasonic wavelength. By measuring this 
frequency dependence, the size of the scatterer - be it the grain structure, colony 
structure, porosity, or flaw - can be accurately determined. In combination with a 
peak signal measurement, valuable information about the composition of the 
scattering material may also be obtained.
Note that this approach is at its most accurate for scales close to the wavelength of 
the pulse, but it could also be effective for estimating much smaller particles and 
grain distributions.
The sizing methodology just described would have considerable value as a research 
tool. It could also find direct industrial application. For example, it could be used to 
distinguish genuine flaw signals from ‘spurious’ microstructural signals. More 
ambitiously, suitable processing of a family of A-scans could enable the 
nondestructive mapping of microstructural scales. In the course of this study, 30 
blocks have been sectioned, and at least 50 points counted in each dimension at each 
scale. This amounts to around 10 000 points, counted by the author, in order to assess 
microstructural scales. The author is therefore well-positioned to appreciate the value 
of being able to perform this procedure ultrasonically! Of course, there is also the 
benefit that no sectioning is required: it is a nondestructive method of grain size
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measurement. Therefore, it could be used to estimate the grain size within critical 
components at various stages of processing, and throughout the subsequent life cycle. 
Similar instruments are currently commercially available for sizing dispersions of 
precipitates in water, using the frequency-dependent attenuation of lasers or an 
ultrasonic beam (DR Roberts, 1996).
9.8 Intelligent processing
The discussion on split spectrum processing above highlights a problem common to 
many signal processing routines. Their proponents, who understand the technique, 
rarely understand the practicalities of ultrasonic inspection of real materials. Many of 
these techniques have great potential, but fall down for these reasons. The solution is 
to develop a robust routine that has a full understanding of the metallurgy, geometry, 
and physics of ultrasonic inspection, and can use this understanding to extract 
whatever information is available within an A-scan. This could include structural 
sizes, probability of detection and inspection limits calculation, elastic properties, 
texture, and even residual stress measurement.
The goal is to reduce an A-scan to a series of ‘first arrival’ peaks, corresponding to a 
one-dimensional picture of the microstructure under test. C-scan data could then be 
processed to produce a three-dimensional picture of the material grain structure, and 
any features present within.
This final goal may be some way off, but further advances are clearly possible where 
metallurgists, physicists, electronic engineers, systems manufacturers, and 
nondestructive inspectors work together.
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A p p e n d i x  1
Operating Procedure for Ultrasonic Testing
This section details the exact way in which I operated the NDE rig to collect and process 
ultrasonic noise data. It is written as a series of step-by-step instructions.
A l.l Tank Set-up - Ensure that the tank, thermostat, oscilloscope, flaw detector, and computer are all 
switched on and warmed up. The tank will take about four hours to reach its operating 
temperature of 27.5±1°C from cold, and the electronics should be allowed to settle for at least 
ten minutes after being switched on. Flaw detector settings can be loaded from the appropriate 
file (see Table 11).
The backing plate, marking the position in which the block under test must sit, is then 
positioned on the tank turntable (the location can be checked by running a scan pattern).
A1.2 Samples - The blocks used in this investigation were cubes of titanium-64. Their dimensions 
were measured using Vernier callipers, being approximately 70mm. Mass was also measured, 
to the nearest gram.
The blocks to be tested should be allowed to warm up in the tank for one hour. Any bubbles or 
debris should be brushed from their surfaces.
The block under test should be positioned on the backing plate in the correct orientation 
(see Figures 27 and 29). Adjustments should be made using the appropriate tongs, care being 
taken to avoid damage to the blocks or the tank.
A1.3 Final Preparations - When switched on, the computer should automatically load into cnc mode 
(it does not matter at this stage whether or not the network is on). Press return, and then select 
Home Axes, using the arrow keys and return.
When all movement has ceased, remove any unwanted probe and fit the one required for 
testing. Details of the probes used are contained in Figures 16 and 42 and summarised in Table 
11. Select Manual Axes, press any key to free the joysticks, and pull back on the z-axis until the 
probe breaks the surface of the water. Reach down and clear any bubbles from the probe face. 
Use escape to leave manual mode.
A 1.4 Selecting a scan path - Select Inspect part, then Edit existing scan path. A list of stored scan 
paths will be displayed. Chose the appropriate file (see Table 11), and then enter a filename for 
the results to be saved in. The file naming conventions used are listed in SAM Foister, 1995a. 
The results file will contain all the A-scans and their locations, plus date, time, the scan path 
used, and oscilloscope settings - so further comments are not usually required. Return through 
to the end of the comments field.
The scan path will then be loaded, and the cnc window displayed. Note the programme lines 
near the middle of the screen, with the next line highlighted (currently line 1).
A1.5 Moving the probe into position - Press F2 to display a menu, and select edit cnc lines. A second 
menu will be displayed. Select execute current line, and the programme will run one line. 
Continue to run the programme one line at a time, until "Normalise Now" appears in the 
highlighted programme line. Then use the escape key to exit the menus.
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A1.6 Normalising the probe - The front surface reflection is the first signal observed on the flaw
detector screen. To locate it, go to "velocity" on the flaw detector, set "delay" to a value slightly 
less than the preferred water gap for the probe (see Table 11), "range" to 100, and turn the gain 
(knobs just to right of screen) up to 100. If the probe is approximately normal to the block 
surface (you can set this by eye - see later in this section for details), then the front surface 
should be obvious (and at a time delay similar to the probe N-point listed in Table 11). To 
normalise the probe, we need to maximise this front surface signal.
Press F6 to enter direct jog mode, then any key to free the joysticks. Use the 0 and (J> joystick to 
maximise the front surface reflection. The probe may move too quickly - set slow jog using F5 
for fine adjustments. The gain control will need to be adjusted to keep the trace on screen.
When the peak has been maximised, adjust the gain such that it just reaches half screen height, 
and compare the gain setting with that in Table 11 (this value may also be written into the scan 
path, on the same line as Normalise Now - which should still be visible). If your value is more 
than 0.5dB larger than the listed value, keep on trying to adjust the peak - it should always be 
possible to get within at least ldB. If you are a long way out, you may be maximising on a side 
peak, rather than the central beam - examine this using fast jog (F5). Other problems include 
block surface quality, air bubbles on the block or the transducer, and lack of patience.
When normalisation is complete, press F10 to set these values, then escape to leave jog mode.
A 1.7 Attenuation measurement - Attenuation is measured from the relative heights of front and back 
surface reflections. However, these should be taken at the preferred water gap (rather than the 
N-point, where the probe is currently). The next few lines of the scan path will lower the probe 
to the required distance. So press F2 for the menu, edit cnc lines, and execute current line as 
before. Continue to execute current line until after the Z#### (downward) move (but before the 
X####,Y#### move). On some scan paths there will be an instruction line here to help.
Now, without touching anything else, adjust the flaw detector gain control to bring the front 
surface reflection back to half screen height. Note the gain value. The back surface reflection 
will probably not be visible - turn the gain up until it is at half screen height, and note this value 
too.
A1.8 Turn the gain up to lOO.OdB - This is very easy to forget, but it is essential that all noise data is 
collected at the same gain.
A1.9 The LeCroy Oscilloscope - Apart from switching it on, we have ignored the oscilloscope until 
now. It is used to digitise the data - the A-scans are stored as seen on the LeCroy screen. So it is 
important that this is set correctly. Since the blocks are of similar size, it should not be 
necessary to adjust settings after the first run: but this should be checked.
Firstly, find the front surface echo. Follow a similar method to that used for the flaw detector 
screen, although the oscilloscope controls work differently. If the controls do not respond, press 
the button below the oscilloscope screen to switch remote off, then continue.
The most convenient format in which to set the oscilloscope is with the front surface echo just 
to left of centre, and the back surface echo near the right hand edge of the screen. The time 
delay should be 5ps/div. The vertical scale (mV/div) should be set such that the noise level 
peaks at about half full-scale deflection. It does not matter that the front and back surface 
reflections disappear off the scale.
Other settings should be: Smart trigger on, time, slope negative, coupling ac, mode auto, source 
external, impedance dc50Q, T/div = 5jus (displayed at bottom right corner of screen), and 
interleavened sampling off.
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A1.10 Running the scan - Back on the computer, select execute to end of programme. This is on the 
same menu as you left the computer in section A1.1. This will now run for about ten minutes, 
displaying a C-scan on one of the computer screens as it continues.
A1.11 Exiting the scan path - When all movement stops and the end of the program is reached, press 
F10. In response to the first prompt, use the space bar to select yes. At the second prompt, you 
use the space bar again to select either accept or reject. Accept will save the probe 
normalisation position (although some fine adjustment will still be required next time). But it 
will also save any other alterations that you have made to the program, deleting the original 
version (in particular, if you are forced to leave the programme early, the remainder of it would 
be deleted). If in doubt, chose reject.
If you store repeated fine adjustments, the it may become necessary to clear some of them using 
delete current line, from the same menu as execute current line. Do not delete any other lines. 
And, in case of errors, maintain a backup copy of the scan path.
A1.12 Do you wish to continue testing? - If further testing is to be done, turn the block over or 
replace i t , and go back to step A1.4.
A l.l 3 Transferring data to the server - At the end of each session, or when the hard disc becomes 
full, data should be transferred to the server. To do this, both computers must be switched on 
and connected to the network (you may need to reboot them, and select the network option). 
Then, on the rig computer, select exit - no power off to leave cnc mode. This should exit 
directly into the Norton Commander file handling system. Use this to move all the files created 
(x x x .c d t  and x x x .lo g )  from e : \u l tr a \d a t a  to g :\a sc a n s . g:\ maps onto e : \u l t r a  on the 
server.
A l.l4 Saving data - Transferred data will appear in e : \u ltr a \a s c a n s \  on the server. Use the Norton 
Commander to copy these files onto an optical disc (in the G:\ drive), and then to move them 
onto a second optical disc to act as the backup.
If the Norton Commander is not already running, type nc to enter it.
If an optical disc fault occurs during file saving, use c : \c o r e l\r e p a ir  to correct it.
If you wish to process the data immediately, then retain a copy in e : \u ltr a \a s c a n s \ .
Otherwise, remove all data for now to save hard disc space.
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A1.15 Primary data processing - On the server, find the directory d:\ed d y  19WER, and type cnc.
The processing software uses the same front end as the collection software. Ignore all the error 
messages as the program loads - keep typing return. Select display scan, then recall scan from 
disc. This will display a list of the files in the \a sc a n s \  folder (this can be changed by selecting 
system set-up, file utilities from the main menu). Select the required file, then you will be 
prompted for display parameters. The first value should be 488, the others will be fine.
Now the main data processing menu will appear, with the C-scan being displayed on the left 
hand screen. From the menu, select Zoom menu, then Zoom to box (or press z, then z again). 
Position the box around the uniform central portion of the block, hit return, then select A-scans 
menu.
Select 3 {rms A-scan), then 7 {store A-scan as ASCII). Type RMS on the end of the filename 
(but to a maximum of eight letters - see Table 11 - file naming conventions), then enter (this 
will happen automatically after you type the eighth letter). Repeat this for a max A-scan by 
typing 4, 7 ,and storing the scan with m ax on the end of the filename.
Should the scan contain any features (e.g. flaw signals), these will be observed as peaks in the 
max scan. They can then be located within the block using the C-scan facility:- using the cross­
hairs as detailed in the next section, select the region of the max scan corresponding to the 
peak. The C-scan will then be redrawn using only data from this depth.
The next step (15) only needs to be carried out once for each block and face - i.e. if it has been 
done for the 4MHz data, when processing data for the same block and face at a different 
frequency then you can skip straight on to step 17.
A 1.16 Position of the front and back surface reflections - In the A-scan menu, chose select nearest 
A-scan. Position the cross hairs fairly randomly to select an A-scan, which should be displayed 
on the left hand screen (a page of data relating to the scan will be displayed first - oscilloscope 
set-up, etc. Note it down, or check it against what you thought the settings were, and press 
return). Back in the A-scan menu, press 9 {C-scan data), then spacebar, return {using cross­
hairs). Move the cross hair to the first positive peak of the front surface reflection, then the first 
negative peak of the back surface reflection. These are found by carefully cycling through the 
data points at the start of the reflection, and noting the values displayed in the bottom left hand 
comer of the screen. The positions of these peaks should be recorded, and will be used in 
calculating the ultrasonic velocity. This should be checked against a second A-scan from a 
different region of the block.
A1.17 Transferring processed data - The next scan can be processed by escapeing as far as recall 
scan from disc, then repeating step A l.l 5. When the session is finish, exit the software 
altogether {exit - no power off from the main menu). Go back to e : \u ltr a \a s c a n s \ ,  and transfer 
all the .ASC files on to conventional floppy disc (in the a:\ drive). The .c d t  and .LOG files are 
no longer required (as long as they have been backed-up on optical disc) and can be removed. 
The floppy disc containing .ASC files is then carried over to a personal computer (pc) 
supporting excel.
A l.l8 Secondary processing - On the pc, the .ASC files are loaded into excel as text files, and then 
all the data for a block at a particular frequency is compiled. Values after the back surface and 
before the front surface reflections are deleted - except for a section of the x trace from before 
the front surface, which is retained as a measure of electrical noise. There are thus eight data 
columns in each excel file - rms and max values in the x, y, z directions and electrical noise. A 
time base is added, mean values taken (omitting the values within 50 data points of each end), 
and saved as '.x ls ' files. Graphs of the noise are plotted, although they tend to be rather messy. 
Most plots also include other data with the title - block size, mean values, etc..
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A 1.19 Presenting the data - Mean noise values from the .x l s  files are typed into noises.xls. This file 
also contains various correction factors and settings, corrects values for electrical noise, and 
calculates the rms grain noise.
Block dimensions and mass are typed into bloks.xls. This is used to calculate block densities. 
Some of this data is also in dbmmvel.xls, and is used alongside the position and amplitude of 
the front and back surface reflections to calculate ultrasonic velocity and attenuation.
The rms grain noise, density, ultrasonic velocity, and attenuation of each block (from each face 
and at each frequency, where appropriate) is compiled into the file ultrason.xls.
Graphs can then be plotted from these excel files to investigate patterns within the data.
A 1.20 Special Circumstances - In addition to the main 58 blocks of titanium-64 which are examined 
from three orthogonal faces, there are two cylinders of commercially pure titanium (labelled 
cpl and cp2). These cylinders are inspected only from the flat parallel top and bottom faces. 
The first block contains a flat bottomed hole in the bottom face, and is o f a thickness 
comparable to the main blocks. The second block is somewhat shorter, and was propped up on 
a conveniently sized standard for testing (to maintain the preferred water gap between 
transducer and test piece). Two of the fan disc blocks ( la 6  and la7) and one IMI block (20) 
were also somewhat shorter in one direction (z), and required propping up during testing.
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THE EFFECT OF TRANSDUCER MODEL ON THE EVALUATION OP 
BACKSCATTERING COEFFICIENTS FROM EXPERIMENTAL DATA I
L W Anson and R C drivers Dept of Physics, University of Surrey
The da ta  reduction model of M argetan et al1^  relates the average backscattering 
coefficient of a polycrstallinc metal block, immersed In water, to the ultrasonic signal, via 
the relationship:
oi i 1 0
— (I)
W here Vrins is t he rms signal produced by grain scattering, Fr«/ is the  signal .produced by 
a reference reflector of reflection coefficient and Tqi and T m a:re the transm ission 
coefficients on passing from water to metal and metal to water respectively.
The terms j D  | and (A ~i) are functions of the transducer and it is the calculation of these 
functions th a t is the main object of this report.
TH E DIFFRACTION CORRECTION
The term  f D  ] is the diffraction correction required when calculating the reflection of an 
ultrasonic beam .from a plane reflector. It is equivalent to  the transducer to transducer 
coupling term  for two transducers of equal radius separated by twice the transducer- 
reflector spacing.
Margetan. et. a! have used the approxim ate form due to Rogers and Huron 4 who obtained, 
the following expression:
D  «  1 ™ e"lsJ.4(5) +  iTi(.S’)], (2)
where $  -  k a 2/ 2 z  and * is the axial range.
Equation 2 is a  simplification of the exact integral expression of Williams 5:
d ir  &d&&  =  1 — {4/j t).if2ks f  ea*p —iT y/da2 +  4a3 cos
Jo 1
The approxim ate form given in equation 2 requires the condition k a  > >  L Initial 
calculations indicate the full expression is only required if ka  < 50. This Is apparent from 
figure 1 where the error involved is plotted as a  function of ka for three transducer - 
reflector separations. The axial distances chosen covered the experim ental range %  — 0.2 
* 5.0, where sr* is the axial distance normalised to the position of lire last axial maximum 
and Is given by; =  2 x s f k a 2.
As the lowest value of ka  encountered in the present project is 150 {4MHz transducer) the 
use of the approxim ate form involves an error of just 0,02%. If lo wer frequency 
com ponents are to be analysed significant errors may be involved with the use of the 
simplified model if ka  is reduced below 20, In this case the exact model of W illiams 5 or 
Ilyne 6 should be employed.
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Figure 1 : Error associated with the simplified diffraction model. Solid line z n =0.2, dashed 
line ~n = 1 .0 , dotted line sn =  5.0
The function C?(*) allows for the effect of the transducer beam shape on the signal 
received from a layer of scat ter ers a distance 5  from the transducer and is given, by:
A is proportional to the pressure produced a t a point in the scattering volume by a  piston 
transducer and k  given by:
where $ refers to  the transducer surface, r is the distance from mi element on this surface 
to  a point In the scattering volume and. k  is the wavenumber in the relevant m edium ,
M argetan e t al 1-3 used a  Gaussian beam approxim ation to  obtain  the simple expression:
C(c) = — («'  
1 + (3.539^/fco1)
Previous computations tit for the transducer farfield ' indicated there may be significant 
errors involved with this approximation. It was therefore decided to extend these 
computations to  include the full solution for the plane piston model In the function G{Vj.
T H E  T R A N S D U C E R  B EA M  S H A P E  CORRECTION
(4)
—ikr
(5)
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JNumencai integration oi the double integral involved in equation 5 is com putationally 3 
intensive and a number of models have been developed, making use o f the cylindrical 
sym m etry of the problem* to reduce the surface integral to a. line integral.
Nyborg and Steel 8 developed a two zone model where separate functions were used to 
inode! th e  region near the acoustic axis and the region far from the acoustic axis. 
Prelim inary com putations employing this model achieved a  considerable reduction in 
com putation time. Unfortunately, high accuracy could not be guaranteed in the region 
where the two zones meet and the model was not investigated further.
Ifasegawa, fnoue and Matsuzawa0 have eliminated the need for numerical integration. 
T hey obtained a solution to equation 5 in the form of an Infinite series involving spherical 
Banks!,, and  Bessel functions,
Their model involves the selection of an origin at some arbitrary  point along the 
transducer axis. The only restriction on the positioning of this origin is chat the distance 
from the transducer face must he greater than zero.
JClie relative pressure a t art axial distance of 2 and radial distance p is given by:
nsseo
P =  1 2 1  (2w +  l ) jn ( k r ) P R({TQ -  S)/r)U (?;
T i = 0
the function f n k  obtained from, the recurrence relationship:
fn  T  In— 2  =  - k r J i n ^ i i k r ^ l i ^ i r Q / r ^  -  Pn^2(r&fra%  (8}
/ o ( 9)  
f i  ~ - k r 0[hQ(kra) -  Ao(fcra)]. (10)
**0 is t he distance from  the transducer to  the chosen origin, ?*a =  y f r f lT a *  and 
r  =  y  a?2 +  (tq  — r ) 2, where a is the transducer radius. j n and hn are spherical Bessel 
functions and flankol I:unctions respectively and Pn are Legendre polynomials.
F urther simplification can be obtained by placing the origin a t rQ = 2 , whereupon f n 
becomes zero for odd 11.
T he convergence cd the series in equation 7 is determined bv the term  j n l k r j k n ^  i (kr .a) 
and. converges rapidly for n > kr  and kr > k r ^  However, for 2  < a and x  > a the 
condition for convergence is only met if r 0  > >  j .  This leads to a large num ber of term s 
required for convergence and a subsequent increase in  computation time. It was therefore 
decided to  use the Hasegawa model in the regime where convergence could be obtained 
with tq set to 2 , and to use an integral m ethod outside this regime.
T hree algorithms lor the calculation of equation 5 were tested ' th a t of S chock10, and  the 
related m ethods Archer-Hall. and Gee11, and Hutchins, M alt, Puhach and Osei12. O f these 
three models that of Scliocli was found to be significantly slower than the o th e r two. The 
models given in references 1 0  and 1 1  are similar in form and an arb itrary  decision was 
made to  use the method of Archer-Hall and Gee,
In this model the pressure in the field of the transducer is given by:
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Figure 2: Error associated with the universal curve approach. Solid line 
line — LfL dotted line rn =  5,0
/  c-ita
Jo
up cos 4  — a 2
- 44 ,
:0 .2 * dashec
(11a2 -f p2 — 2 ap cos 4
s = p2 +  a3 -  2tipco$4 4* z2< o  is a  variable of integration and the constant A* is 1.0, 0.5 
or .0 . 0  for p < a f p  =  a  and p > a respectively.
Using this model in conjunction with that of Ilascgawa et al9 the pressure a t any point in 
the transducer field could be calculated and, after performing numerical in tegration, the 
function G ( z )  could he obtained.
The evaluation of the backscaUering coefficient requires the numerical in tegration of the 
function therefore a full solution requires three levels of numerical in tegration  a t 
considerable expeiiee in computation time. Downing and Thorne13' employed the Nyborg 
and Steele model and suggested a  universal curve could be found, if G (z )  was form ulated 
in term s of the normalised axial distance, obtaining a  relationship such as:
G(s) =  CbsF(%). . (12;
C is a  constant and t,, is the axial distance normalised to the last axial maximum. 
Downing, Thorne attd Vincent fitted a rational fraction to the function F ( z n) obtaining:
0.43th +  0.4824®
I +  Q.43r„ +  Q.482tjP
( 1 2 ;
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Figure 3: Cofiiparisoii of transducer models. Upper curve-Margetan, lower curve Downing 
et al model, solid line - plane piston, dashed line approximate fit.
To ensure agreement with the far field solution the constant C m ust be set to 14.26, 
Equation 6 can be put into a similar form:
G O ) =  13.73«q  , .r i — . (14)
J.102 +
The function F(sn ) =  G{z)jCcr was evaluated for the plane piston m odel To test the 
range of validity of the universal curve approach the error involved with using the function 
F(*n ) calculated a t ka 19!) and extended to other values of ka was com puted. The results 
at three values of are shown in figure 2. Significant errors are only apparent at for ka 
less than 20. Over the range of ka  used in the present investigation, 150 - 400, the 
universal curve approach introduces a maximum error of 0.2%.
Having established the validity of the universal curve approach considerable saving in 
compution time was achieved by obtaining a Ohebyshev polynomial fit to the function 
F (% ), The function was fitted a t ka =; 199* the value for the loM hz transducer, and used 
in all further com putations. 40 terms in the polynomial fit were taken in each o f two 
ranges, = 0.2 -1.0 and LG - 5,0, introducing a maximum error of 0.1% com pared with 
the fitII plane piston model.
The following approxim ate expression was also developed, allowing the rapid calculation 
rf F (z n ) w ith a maximuii error of 3%:
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n *'", =  1 .0 + 3 + * (* ,)•  1 1 4
^  f o r * , > l  (15
K+n } -  Z '- r L  ^ 2  for < 1 (I0I t
The universal curve function is shown in figure 3 for the M agetao model, the Downing efc 
aJ model, the plane piston model, anti the approxim ate form of equations 14 - 10.
It is clear that neither the Marge tan model, nor the Downing et al model, adequately 
approxim ates the plane piston approach when the axial range approaches the  near field.
CONCLUSIONS
The diffraction term  used by M argetan adequately models the exact solution under the
..experimental conditions encountered during the present project, The transducer model <&■. ■
however can lead to errors approaching 30% and the adoption of an alternative model 
would seem prudent.
It should be emphasised that the models will only accurately reflect the experim ental 
system If the transducer behave as plane piston sources. Significant differences exist 
between computations m ade using the physical transducer radius and those m ade using an 
effective radius estim ated from the position of the last axial maximum (see appendix).
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A. note 0 1 1  the  toneburst approxim ation.
L W Anson , Dept of Physics. University of Surrey
The broad band data reduction model relates the back sc altering coefficient to the 
measured signal via the following equation:
Frraa and IV / are continuous wave values obtained from the Fourier transform of 
the  time domain signal. This effectively sums the contribution from ail the
of''equation L
If a finite length pulse is used and Fourier techniques are not employed the 
toneburst model must, be employed whence the backseattering^coefficient is given by:
E n nit is the  rms signal at a time delay corresponding to  a position z% within the 
metal block and ET€tj  is the  peak value of the reference signal. The integral is 
perform ed over the  width of the pulse, from 5 =  —cmr /4  to ~ =  +emr/4. em is the 
velocity in  th e  sample and r is the pulse width. This assumes the toneburst has a  
rectangular envelope, if th is is not the case a weighting function should be included 
in the integral to  correct for pulse envelope shape. It is probably sufficiently 
accurate to assume a  rectangular envelope with the pulse width set to the half peak 
height value.
Because the mis values recorded in the data files provided have been averaged over 
a tim e period m uch greater than the  pulse width, equation. 2 must be modified, if a 
factor My is defined as the ratio of the time period over which the rms signal has 
been averaged to  the  pulse width the backseattering  coefficient is now given by:
(I)
scatierers contained in the volume defined by the integral term in the denom inator 
2
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2
The integral is now performed over the entire region sampled.
Equation has been used in conjunction with the plane piston mode! previously 
reporter! to obtain the bavkscattering coefficients given in table I. The pulse was 
assumed to be 2 cycles wide, but i£ a more realistic value is available the 
backseattering coefficients can be adjusted by multiplying by 2/N* where N is the 
number of cycles in the puke.
Equations 2 and 3 assume a narrow band pulse, and are therefore not strictly 
applicable to a puke technique, but it is not obvious how a better estimation of 
b&ckscattering coefficient could be obtained without cither using Fourier transform 
techniques on the entire data set. or taking measurements using a toneburst 
generator.
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A number o f experimental backscattering coefficients have been, recalculated using the main models mentioned in 
the report, the column codes, are! Mo original Margelan with error in mathmatica code, M e - corrected Margemn, 
app - approximate fit equation 14, pp full plane piston approach, ppcr is the plane piston approach with an 
effective radius calculated from the position o f  the last axial maximum, !
4
Me Mg app pp pper 
lA lx  5.60*05 4.28*05 4,08*05 4.11*05 3,23*05
lA ly  8.80*05 6.72c*05 6.42*05 6.46*05 5.07*05
IMx  4,10c-05 3J3*03 3.006-05 3.02*05 237*05
IA2x 5.906-05 4.55*05 439*05  4.42*05 3.46*05
lA2y 1,45c-04 U0C-04 1,05*04 1.06*04 S31*05
lA2z 2.70*05 2.10*05 2.02*05 2.03c-05 L59*05
lA3x i ,02*04 S.01e-O5 7.77*05 7,82*05 63 2*05
lA3y 1,56c-04 L 2t*04 1.16*04 1.176-04 9.16*05
lA3z 2.80&-05 2.146-05 2.07*05 2.03*05 1.63c-05
IA4x 1.05*04 8,09*05 7.75*05 7.806-05 632*05
*3A4y i ,60*04 1.22e-G4 lJ7e-04 LI 8*04 9,23*05
lA4z 2,60*05 2.02*05 1.94e-05 1.96*05 1.53*05
lASx 6 30*05  4.99*05 4.79«-05 4.82*05 3.78*05
lA5y 1.78c>04 1.36*04 1.30*04 1.31*04 143*04
IA5z 2.40*05 I ,82*05 1.746-05 1.75e-05 1.38*05
IBIx 4 .70c-OS 3.69*05 3.57*05 3.59*05 2.81*05
IBIy 4.80e»05 3.72*05 3.58c*05 3,61*05 2,836-05
I B iz 4.80*05 3.65*05 3,48*03 3.51c-05 2.75*05
!E4x 7,50c-05 5.80*05 5.59*05 5,62*05 4.416-05
lB4y 1.49s-04 1.15*04 L 10c-04 1,11*04 8.68*05
lB4z 3.206-05 2,50*05 2.42c*-05 2.43*05 1,91*05
lB6x 9.50*05 7,40c-05 7 ,14c-05 7.19c-05 5.63*05
lB6y 1,266-04 9.65*05 9,26*03 932*05  7.31*05
!B6z 3.90*03 3.006-05 2.89c-05 2.91*05 2.28*03
SFAx 9.30*05 7JSc-05 7,06e-O5 8.03*05 6-21*05
SFAy 5,156-04 4.17*04 4.13*04 4.16*04 3.246-04
SFAz 3.47*04 2.87*04 2.88e-04 2.90*04 2,25*04
SFBx |J96-04 1.286-04 1.39*04 1,40*04 1.07*04
SFBy 6.42*04 5.35*04 5.39*04 5.43*04 4.21*04
SFB* 4.04g-04 3.496-04 359*04  3.62*04 2.80*04
SFCx 9.706-05 8.216-05 0 7 * 0 5  8,44*05 652s-05
SFCy 5.72*04 5,04c-04 5,26*04 5.31*04 4.08*04
S¥Cz 6.98*04 5.786*04 5.79c4M 5.83*04 4,52*04
SFDx i.23*04 l.I2c-04 1.16*04 1.17*04 9.04c-05
SFDy 8.46*04 7.07c-04 7.13*04 7,18*04 5.56c-04
SFD2 4.91*04 4.31*04 4.48*04 4.526-04 3,48*04
SFEx 1,246-04 1.096-04 l.I4c-04 1.15*04 8,84*05
SFEy 4.71c-04 4.136-04 4,29c-04 4.33*04 3.33*04
SFEz 8,406-04 6.90c-04 6.886-04 6,94*04 5.39c-*04
SFFx 136*04 1.20e-04 1,26c--04 1.27e-Q4 9.76*05
SFFy 7.29c-04 fi.JOc-04 6.16c-04 6.21*04 4.81*04
SFFz 4.29*04 3,78e-04 394*04 3.97c-04 3.06*04
SFCx 1.03e-04 8.84*05 9.IO&-05 9.17c-05 7.08*05
4 MHz
Mo Me app pp ppcr
SFGy 4.80C-04 4,26e«04 4ASs-lM 4.50*04 3.46*04 
SFGz 8.24*04 6.88e-04 6.94e-04 6.99e-04 5,42e-04 
SFHx 1.23c -04 l,10e-04 1,16c-04 1.17e-04 9.01e-05 
SFHy 7.40e-04 6,24e-04 6,32c-04 6.38e«04 4,93e-04 
SFHz 4.46c»04 4.036-04 4,27c4>4 4.31 c-04 3Jlc*04 
SFIx 4.42e*04 3J0e~04 3.89e-04 3^3e-04 3.03e-04 
SFty 3,07*04 6.73*04 6.78*04 6.83e-04 5J0g-04 
SFIz l.29c-04 1.166-04 1.23e-Q4 L24e#4 9,5Ic-05 
SFJx 4.096-04 3.606-04 3.75c-04 3.79e-04 2,92c-04 
SFJy 6,62c-04 5.59c-04 5.67*04 5.72e-04 4.42*04  
SFIz l,3Se-04 1215*04 1.33*04 1.34c-04 1.03e-04 
SFKx 1.56*04 L43e-(H 1.53e-04 IJ4c-04 l.lSe-04  
SFKy 5.62*04 5.06*04 5.34*04 5,40*(H 4,14c-04 
SFKz 9.446-04 7.96e-04 8.0fie-04 8.12*04 6,29c-04 
SFLx 1.126-04 9.97e-05 1.04c-04 1.05*04 8,10*05 
SFLy 4.93c-04 4.37c-04 458e-04 4,62e-04 3J5e-04 
SFLk 7.106-04 5.92*04 5.95c-04 6.00e-04 4,65*04  
SFMx 1,42*04 1.27c-04 1.34c-04 1.3Se-04 1.04*04 
SFMy 8.94c-04 7.47c434 7J2c-04 7JSe-04 5J7*04  
SFMz 5.75e-04 5.21e-04 5,54*04 5.59*04 4.29c-04 
SFMx 1,23c-04 1.09*04 1,14*04 LlSc-04 8.82*05
SFNy 5,79*04 4.78e-04 4.78e-04 4.82e-04 3.74c-04 
SFNz 4,11*04 3.596-04 3.72e-04 3.75e.04 2,89e-04 
SFOx 4.296-04 3.70c-CJ4 3.80*04 3.83*04 2,96e-04 
SFOy 7.68*04 6.48*04 6.56e-04 6,62c-M 5.12*04
SFOz 1.15*04 1.02*04 li57e-04 1.07c-04 8,27e-05
SFPx 1.13*04 9,95*05 1.04c-04 1.05c-04 M 5* 0 5
SFPy 7 ,0fc04  5.90c434 5,97e-04 6,02*04 4.66*04
SFPz 4,45e-04 3,95*04 4.14e-04 4 .18*04 3.21e-04
SFQx 4.69*04 4.13*04 4.30c-04 4.34*04 3.346-04 
SFQy 8.366-04 6,99c-04 7,04c-04 7.1.06-04- 5^0c-04 
SFQz L15c-01 1.05*04 l ,!3 e *04 L 14*04 8,71*05 
SFRx 4.46c*04 3.90c-04 4 ,04*04 4.07*CM1 3.14*04 
SFRy 8.73*04 7.24*04 7.27e-Q4 7.32*04 5.68c434
SFRz 1.31*04 1.16*04 1.21e-04 L22e-04 9,37«-05
SFSx 4.54c-04 3.8le-04 3,85*04 3.88c-04 3.01c-04
SFSy 7.88*04 6.41*04 6.35e-04 6 .40*04 4J7e-04
SFSz 1 .Olc-04 8.79*05 9.06e-05 9.14c-05 7.05c-05
SFTx 4,61*04 3.96*04 4 ,06c-Of 4.10*04 3.16e*04
SFTy 6 ,69*04' 5.45*04 5.41 e-04 5 .45*04 4,24c-04
SFTz l.OSc-04 9 3 6 * 0 5  9.63*05 9.72*05 7.49*05
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lUMJHz / ,
Mo Me app PP pper Mo Me app PP pper
lA lx 43le-Q 4 4,35c-Q4 5.8Oc-04 5.776-04 1.23c-04 SFIy 1.41 e-03 1.44C-03 1,936-03 1.92C-03 4,066-04
lA ly 2,11 c-04 2.01e-04 2.68c-04 2.67e-04 5.73c-05 SH z 5^7c-04 6,230-04 8,.44c-04 8.406-04 L776-04
lA Iz 2.14e-04 2.05 c-04 2.73e-04 2.72c-04 5.83<s-05 SFJx 1.03e-03 1.086-03 l,46c-03 1.45c-03 3.066-04
1 j4e-04 1.77c-04 2.37c*04 2.35c-04 5,O3c-05 SFJy 9.48e-04 9.70e»G4 1.316-03 1.306-03 2.74c-04
I A2y 3 JOe-04 3.62c*04 4.82e-04 4.30c*04 1.03e-04 SFJx 4.88e-04 5.14e-04 6.95e-04 fi.92e-04 1.46c-04
IKlZ 9,406-05 8.95 c*05 1.19c-04 1.196-04 2,54§-05 SPKx 4,530*04 4.80e-04 $A9%4H 6,46e*«>4 1.36e*04
I A3x 3.13c-04 4.I8C-04 4.16c*04 8,88c-05 SFKy 1,076-03 1,136-03 1,520-03 U20-O3 3,206-04
l.A3y 3.16c-04 3.05c-04 4.07c-04 4.05e*04 8.66e-05 SFKz 1.01e-03 L03e-03 1.38e-03 1.386-03 2.906-04
lA3z L00e*04 9.63C-05 L2Se-04 L2&-04 2«74c*05 SFLx .3.456-04 3.626-04 4,90c-04 4,88e-Q4 1.03e-04
lA4x 2.63e*04 2,54 c-04 3.39e*04 3.376-04 7.2le*05 SFLy 8.77C-04 9^1c-04 1.246-03 1,24c *03 2.61&-04
lA4y 4.81e-04 4J9c-04 6,12c-04 6.086-04 1.31c-04 SFLz 9.05C-04 9.23c-04 L24e-03 1.246-03 2.6ic-04
lA4z L06c-D4 L03e-O4 1.376-04 1.366*04 2.916-05 SFMx 4.876-04 5.16c-04 6.990-04 6.960-04 L47C-04
lA5x 3.146-04- 3.0tc'04 4.01 c-04 3.996-04 8,56e-05 SFMy 9,400-04 9330-04 L2E0-03 1.28e-03 2.69c-04
IA5y 3.I2c-04 2.98e-Q4 3.976-04 3,956-04 8.48c-05 SFMz 1.1lc-03 1,186-03 1.59c-03 L5Se-03 3,35e-04
IA5z L00e-04 9.566*05 1.27c -04 1.27e«04 2,726-05 SFHx 6,220-04 6300-04 8.786-^4 8,736-04 1.84e-04
- IB Ix L llc-04 1.08c-04 I.44C-04 1.43&-04 3.05c-05 SFHy 1.49e-03 l.Slc-03 2.030-03 2026-03 4.276-04
lBly L09&-04 1.05e-04 1.41e*04 L40C-Q4 2.99c-05 SFNz U 4c-03 1.61e-03 ZI8e-03 2470-03 4,586-04
IB I sg. 1,75c-04 l.67c-04 2,23c-04 2J1C-04 4.76e-05 SFOx. 1.726-03 1316-03 2.456-03 2.43c-03 5.136-04
!.R4x 1.36c-04 1.31e-04 1.75C-04 L74c-04 3,736-05 SFOy 1.896-03 L93C-03 2.596-03 2,58o-03 5,446-04
lB4y 3.31c'04 3,17c*04 4;23c-04 4.21C-04 9,036-05 SFOz 7,030-04 7.416-04 l.OOc-03 9,986-04 2.106414
lB4z 1.30c-04 1.25C-04 iMc-m 1.656-04 3.54c-Q5 SFPx 5.29c-04 5.56c-04 7.52c-04 7,48c-04 1.58c-04
IB6x l.SOc-04 1,75c-04 2.33e-04 2.32e-04 4.96c-05 SFPy L65e-03 1.69c-Q3 2.286*03 2L27c-03 4.78c»04
lB6y 2.13e-04 2.006-04 2„79e-04 2.78c-04 5.956-05 SFFz 1.47c-03 1.54e-03 2.Q8c-03 2.Q70-O3 4.36c*04
lB6z l.X4e-04 Llfe-04 L47e*04 1.46c-04 3.13c-05 SFQx 1.61&03 1.68e-03 2.276-03 2 ,2 6 0 -0 3 4,76e-04
SFAx 4.376-04 4.54c-04 6J2e-04 6.096-04 1.286-04. SFOy 1.83e*03 iM tm 2,480-03 2.466*03 S .2 1 e-0 4
SFAy 9,86c-04 9.82C-04 I.32e-03 !.31c*03 2.78c-04 SFQx 6.17e-04 6316-04 S .S lc-04 . 8.77c-04 1.85c-04
SFAz 9,65c'£M 9-96c-C)4 l.34c-03 L34e-03 2.82e-04 SFRx l,56c-03 1.636-03 2.206-03 2.196-03 4.61 c-04
SFBx 4.95e*04 5.19e-04 7.01c*04 6,98c-04 1.47 c-04 SFRy 1.78c-03 l.Stc-03 2,43e-03 2,42e*03- 5.116-04
SFBy S.76e-04 8J85e*04 1.19c-03 1.1 Ec-03 2,506-04 SFRx 7,33c-04 7J7e-04 1.056-03 l.OSc-03 2.206-04
SFBz l.Olc-03 l.OSe-03 1.42&-03 L42e-03 2.99c-Q4 SFSx 1.72C-03 1.806-03 2.436-03 2,42c-03 5.09e*04
SFCx €.76e-04 7J.2c.04 9.64e-04 9.59c-04 2,O2e-04 SFSy 1.9U-03 L92e*03 2,57e*03 2 J 6 e - 0 3 5.416-04
SFCy 1.41c-03 l,4Se*03 2,0Cte-03 L99C-Q3 4.2Qc-04 SFSx 6.9le-04 7.27b-04 9.83e-04 9.796-04 2.06c-04
SFCz !.35e-03 I,36c-03 1.83e-03 I.S2e-03 3.85c*04 SFTx. t.42c-03 1.46c-03 L97c*03 1.9fie-03 4.136-04
SFDx SJ7c-04 5,416-04 7.31c-G4 7.276-04- 1,530*04 SFTv 1.63&-03 1.656-03 2.22&03 2 J I 6 - 0 3 4,66e-C)4
SFDy L02k-O3 1.03c-03 1.386-03 1.386-03 2.91C-04 SFFz 6.5fe*Q4 6 .8 5 6 -0 4 9.25 e-04 9.216-04 t,94c-04
SFDz 1.17e-03 1.23&03 1.66e-03 1.656-03 3.48e-04
SPEx 4,94e»04 5.186-04 7.00c-04 6.97c-04 1.47C-04
SFEy 1.03e~03 l.OSc-03 1.46e-03 L45C-Q3 3.05e-04
SFEz LI.0e-03 l.llc -0 3 L49e-03 1.48c-03 3,130*04
SFFx 5J7c-04 5.64e*04 7,630-04 7.59c-04 l,60e-04
SFFy 9L21c«G4 9.33e-04 1.256-03 L25e*03 2.64C-04
SFFz 9.62e-04 l.Olc-03 1.37c-03 1,36c-03 2.87c04
SFGx 5.206-04 5,49c-04 7.43e*04 7.406-04 1.56c-04
SFCy Lt0s-03 l„16c*G3 1.56e-03 1.566*03 3,286-04
SFGz I.04C-03 i.05c-03 1.4 2c-03 1.416-03 2,976-04
SFHx 4.24e-04 4.47c-04 6.046-04 6.01 c-04 1.27e-04
SFIfy 9J5C-04 9,75c-04 1.316-03 1.316-03 2.76c-04
SFHz l.QOc-03 1.056-03 1.42e-03 1.41c-03 2.97 c -04
SFIx L0ie-O3 I.05e-Q3 1.426-03 1,416-03 2.97c«04
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ID M H Z  ^
h
Mo Me app PP pper Mo Me «PP PP pprr
lA lx L56e*03 5,45c-04 4,85e-04 4J7c-04 8.35e-04 SFGy 136c-02 4,65e-03 4.58c-03 4.62c4)3 0 7 6 -0 3
lA ly 2.S9e~03 1,026-03 S.99e-04 9.026-04 1,532*03 SFGz 1.576-02 5.4564)3 5.046-03 5.076-03 9,00c-03i
iA lz 2.78e-03 9.69c-04 8.746-04 8.786-04 1.53e-03 SFHx 1.44e-03 4.93c-04 4,90c-Q4 4,93c-m <
lA2x U 4e-03 4,026-04 3J5c-04 3.56c-04 6.03e-04 SFHy 1.57c *02 5,42e-03 5,I.4e*03 5.17C-03 9.30C-O3
lA2y 4.07e-03 1.43C-03 L26e-03 1.276-03 2,156-03 $M z 8.66c-03 2.97c-03 2,906-03 2.926*03 5.28c*03
!A2z 1,446-03 5.046-04 4,526-04 4-54e*04 7.866-04 SFIx 1.686-02 5.73e4>3 5.706-03 5,746*03 1.04e*02
!A3x 2J4e-03 8.876-04 ?,94e4M 7,976*04 L37c-03 SFIy 2.44e-02 8.42C-03 7.996*03 8.04e-03 L44e-02
IA3y 3,70e-B3 1.306-03 L15e*03 U5e~03 L96c*03 SFIz 1.13e-02 3.87e4)3 3.S9e4>3 3.92c4B 7J0&-03
\A3z 6.40e-04 2.23c-0* 2,02c-04 2.O3c-04 3.55e-04 . SFJx 1.296-02 4,436-03 4,35c-03 4J8C-03 7.936-03
IA4x 3.786-03 1.33c-03 1.18e-Q3 1.186-03 2.O3«*03 SFIy 1.666-02 SJ2e-03 5.406-03 5.43c4>3 9.746-03
IA4y 4.896-03 l.Jlc-03 1326-03 1.53c-03 2.62c-03 SFJz 5.486-03 1.876-03 L87ct03 1.88e-03 3.41 c-03
lA.4z 3 « 3 l.lle -0 3 l.Ole-03 1.026-03 1.796-03 SFKx 5J6e-Q3 2jDQc-03 2.01e*03 2.036-03 3,S8e-03
lA5x 1.696-03 5.92e-04 5.30e-04 5,336-04 9.186-04 SFKy 1.31e-02 4,4ge«03 4.406*03 4.44«4)3 8,03c-O3
lASy 6.876-03 2.41c-03 2,15e-03 2,166-03 3.70e-03 SFKz l.92c~02 6.61c-03 6.286-03 6.32e-03 1,1.46-02
*lA5z 1.746-03 6.09e-Q4 5„46e-G4 5.48e-04 9.486-04 SFLx 2.80c-03 9,59e-04 9.49e*04 9.56c-04 1.73c*03
m ix 1.43e*03 4,97e-04 4,47e-04 4.49c-04 7J7e-04 SBLy 1.126-02 3.76e>03 3,78c*03 6J5C-03
m iy 5.21 e-04 1.826-04 t.63c-04 1.63e-04 2.8le-04 SFLz 1.95e-02 6.72e*03 6.4564)3 6.49e-03 l.!7e-02
lB lz 2,20e-03 7.726-04 6.856-04 6.87c-04 L17c-03 SFMx 4.43c*03 1.52&-03 1.51 e>03 1.326-03 2,756-03
iB4x 2.18e-03 7J8c-04 6.86c-04 6,89c*04 1.206-03 SFMy U4c-B2 6.68c*03 6.38C-03 0,426-03 U6&-02
lB4y 6.65ti-Q3 2.326-03 2.09e-03 2.106-03 3.632-03 SFM2 1.156*02 3,92e-D3 3,92e-03 3,96c*03 7476-03
114? 2.3le-03 8,066-04 7.25c*G4 7.28e-04 1,266-03 SFMx 7J2e-03 2J7e-03 2.566-03 1586*03 4M&M
lB6x 3J7e-03 1.356-03 1.226-03 L23e-03 2J4&03 SFMy 1.9864)2 6.816*03 6.586*03 6,63e-03 1,206-02
lBtiy 4.616-03 I.61e-03 L44e-03 L45e-03 Z48c-03 SFMz 1 J2c-02 4,5le-03 4.4&-03 4.526-03 8.206-03
lB6z 1.59e-03 S,57c-04 4.976-04 4.99c«D4 82196-04 SPOx 1.67e*02 5.71c-03 5.72e-03 5.77e-Q3 LO4a-02
SFAx &33e-03 :2,i7c-03 2,l3c-03 2,146*03 3,88e-03 SFOy 1.66c-02 5.7464)3 5,366*03 5,396-03 9.60e*03
SFAy 2.006-02 5.956-03 &45e-Q3 6A % m 1.15c-02 SFOz 5.25c-03 1.79c-03 1.79c-D3 l.SOc-03 3^6c*03
SFAz. 1466-02 3,986-03 3.90c-03 3.93c*03 7.11e-03 SFPx 4.00e-03 1.37e4)3 t.37c4)3 1,386-03 2.5Oe-03
SFBx 4636-03 2,27e-03 2.25«-03 2,266-03 4.106-03 SFPy lJ lc -0 2 5.206-03 4.89c*03 4.92e-03 8.806-03
SFBy L65o02 5.69e-03 5.47e-03 5,506-03 9.932*03 SFPz 8>05e*03 2.76e4>3 2.69e4)3 2.71e4)3 4,91 e*03
s m z i.41e-G2 4.836-03 4.76e-03 4.80e-03 8.69c-03 SFQx 1.46C-02 4.98e-03 4.90c4>3 4.94c*03 8.94c-03
SFCx 4.156-03 1.42e-03 1.40 c -03 L41C-03 2.558*03 SFQy 2.31e-02 7.94e-03 7.60e-03 7.65 e-03 L3Sc-02
SFCy I.l6e-0Z 3.986-03 3.86e*03 3J38c*03 7,02e-O3 SFQz 1,386-02 4T70e*03 468e-03 4726-03 8,556-03
SFCz 1.906-02 &56c*G3 6.2Xc-03 6.256-03 1.12e-02 SFRx L53c-02 5:236*03 5,236-03 5,276-03 9,SSc-03
SFDx 5.60e-03 1.926-03 I.92e-03 1,936-03 3.50e-03 SFRy 1.996-02 6.S4C-03 0.5le-03 6.56e’03 Li8e-02
SFDy 1.776-02 6.09&-03 5,766-03 5.806-03 UMe-02 SFRz 7.99c-03 2.736*03 2.746*03 2J6e-03 5.00e*03
SFDz 1336-02 4.56e*03 4,476*03 4,506-03 8.15e-03 SFSx 133c*02 4,56c*03 4.4-2c-03 4.456*03 8.05e*03
SFEx 4,68c»Q3 i m - m l.dOe-03 L61c-03 2,92e-03 SFSy L97e-02 6.83e-03 6,34e*03 6J7e-03 L13e*0Z
SFEy L22e~02 4.166-03 4.146-03 4.I7C-03 ?.55c-03 SPSz 3.07c-03 1.056-03 1.04e4)3 L05c-03 1.916-03
SFEz Lfi9e-02 5,84c-03 5496*03 5,536-03 9,90c-03 SFTx 1386-02 4.7464)3 4.56C-03 4.596*03 8.296-03
SFFx 5.196-03 1.786-03 1.756-03 1.76c-03 3.i9e-03 SFTy 1.306432 4.49e*03 4186-03 4,206-03 7.486-03
SFFv 6.526-03 224e-03 2.19c-03 2.21c*03 4.OOc-03 SFTz 6.02c-04 2.07c-04 2.O0C-04 2.01c-04 3.63c-04
SFFz L25e*02 4.26c-03 4.206-03 4,236-03 7.666-03
SFGx 5.736-03 L96C-03 l,96c-03 1.98c*Q3 3.58C-03
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A N  INVESTIGATION OF THE INTERACTIONS BETWEEN ULTRASONIC SIGNALS AND THE 
MATERIAL STRUCTURE OF T IT A N IU M -6A L-4V
S A .M .Foister, S. G.McKenzie, R.C. Chi vers*
R olls-R oyce pic, Derby, DE24 SBJ, U.K.
♦University of Surrey, Guildford, GU2 5XH, U.K-
ABSTRACT
Parallel databases of ultrasonic response and material properties have been collected 
from sixty blocks of titanium from a variety of sources. The differing process histories 
produced a range o f microstructures. Each block was interrogated ultrasonically through 
three faces using broad-band transducers, of nominal frequency 4, 10, and 15 MHz. 
Relationships between the ultrasonic and mctallographic data sets have been explored, with 
a particular emphasis on the Iowa State University^1*2! approach to link the rm s ultrasonic 
noise level with material grain size.
In t r o d u c t io n
Ultrasonic testing is used for the detection o f flaws in critical parts, such as forgings 
in gas tu rb in es^ . An ultrasonic pulse is partially reflected by flaws such as cracks and 
inclusions within the pieces. Lower intensity reflections arc generally produced by benign 
features within the microstructurc, such as grain boundaries. Figure 1 shows a simplified 
distribution of such 'grain noise1 signals, and a possible distribution of signals resulting from 
small flaws. Two difficulties arise due to the presence of grain noise:
1 - The smallest flaw signals cannot be observed since they are masked 
by the grain noise. This defines the limiting resolution of the scan,
2. The largest noise signals are mistaken for flaws, leading to ’false calls’ 
and the re jection of sound material,
Q _
These distributions are not intended to 
represent real data
mm
Signal A m plitude
Figure 1: Distributions of Grain Noise and Flaw Signals
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Reflections occur at grain boundaries due to the different acoustic properties of the 
crystallites on either side. This occurs even in single phase materials, since neighbouring 
grains are unlikely to be of the same orientation -  and will thus present an ultrasonic pulse 
with a different elasticity. Various signal processing approaches have been considered for 
minimising grain noise. These are of limited usefulness since any routine which filters out 
real signals from grain boundaries may also filter out real signals from sim ilar, yet harm fu l 
features such as ha i d - a  inclusions.
Experimental studies of grain noise are rare. Qualitative studies of noise levels in 
titanium after a range of heat treatments have been performed*4^ ,  but no serious attempts to 
relate measured values to quantitative theoretical models have been reported In the 
literature. This is the purpose of the current study,
M ODEL LING APP ROACH
Noise levels depend upon the experimental conditions and material properties, i c ,  
noise « fn  {probe, geometry, rmcrostructnre, density, velocity, texture y porosity, . . . )  {1)
The problem is commonly broken down into two steps, as dem onstrated in Figure 2. 
The backseat ter coefficient#, rg represents the ’material* contribution:
t| -  fn (micros t rue fare, density, velocity, texture, porosity, , . . )  (2)
ITc noise con then be modelled in terms o f rj:
If there is any direct coupling between material and experimental features, then 
equations 2 and 3 arc not identical to equation 1, However, this approximation provides a 
useful method for quantifying and modelling noise levels.
U1 Masonic measurcments 
e.g. 'noise1 levels
An A -scan
■K
Measurement model
k  t|
Backscattcr Coefficient
Scattering model
Ma t c rial me a su re men ts 
e.g. grain size
Figure 2: The backscattcr coefficient concept
# 'figure of merit' is sometimes quoted. It equals the square root of the backscattcr coefficient
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Models for each half of this scheme have been suggested by, amongst others, 
workers at the Center for NDE at Iowa State University:
The •Rose' M odel El (for equation 2)
n<*)-  y , V r J R a + T a )  *V
2j i (1 + (2kaa f ) 2
where the summation is over the m phases of the alloy, and R and T are given by:
A>, _ (*SLb. + QplAf (5)
P# S^UJ
ro -  (192CV, -  128C„C1} +48C^ - 2 S6 CnC„ +32C„C„ + 112C", 
~2 5 6 Cn<\, + mC,ACti +64CaCu + 192f’r, )(,/l575C=..,
Independent Scattcror ModcjPI (for equation 3)
(6)
r . ( / )  u __________
! > ( / )  “  ( ( f c v ,) '  -  (p,v, f  )b'-xf\D(f)\ \j
4 .iSbb'
F b f  F
(8)
D(f) -  |l -  e ",s“ ( [.v] + 1/ |  . ' - z e + - - A  (9)
1 1 Vo *’o
Subscripts 0 and 1 refer to water and metal, respectively. The terms used here are 
described in the Glossary, with full details in the appropriate references,
Experim ent
For this project, Titenhim-*6A1-4V (1MI318} was obtained from three principal 
sources: a forged disc, billet material from IMI Ltd, and billet material from RMI Titanium 
Co., A total of 58 70mm cubes were machined from this material. Opposite faces were flat 
and parallel, with surface roughness values Ra*4).4. Cylinders of commercial purity titanium 
were also tested.
All ultrasonic testing was performed in water-coupled pulsc-echo mode at normal 
incidence, with reference to the relevant Rolls-Royce standard,#!. Three piezoelectric 
transducers were used, with nominal frequencies of 4,10, and 15 MHz, attached to a 
Krautkramer Branson USIP 20 HR flaw detector and a LcCroy 9450A oscilloscope.
A-scans were obtained in three orthogonal directions, digitised at 100MHz, and stored for 
later processing using several purpose-written packages.
Page A3.19 Steve Foister, Surrey University Physics Department Page A3.19
T h e  In t e r a c t i o n  o f  U l t r a s o u n d  w i t h  t h e  M a t e r i a l  S t r u c t u r e  o f  T i t a n i u m  A l l o y s :
A p p e n d i x  T h r e e  -  s e l e c t e d  p a p e r s  a r i s i n g  f r o m  t h i s  s t u d y
The blocks were wire cut, polished, and etched using dilute HF solutions. The 
following standard approaches'7^  were used to quantify the microstructurcs.
1. The volume fraction of each phase was determined from point counting. Points 
were randomly chosen on a micrograph, and allocated to a phase (a , prior—ft, or grain 
boundary). The volume fraction, Vv, is equivalent to the point fraction (Pa/PloE). Fifty points 
were selected from each micrograph, and the average from five micrographs was used.
2. To assess the grain size, a line was drawn on a micrograph and the number of 
grains of each phase crossing its length counted, Nu. The length of the line L was
determined by comparison with a calibrated scale photographed on the same apparatus. The 
average grain diameter of each phase is then given by:
These techniques were used to determine the 'grain size' in two perpendicular 
directions for each block, on each scale of material structure. Attempts were made to 
correlate microstructural measurements with ultrasonic measurements, and the results were 
compared with theoretical models.
RESULTS
The billet material contained structure on two main levels: The m icrostructure  
consists of grains of the a-phase, separated by grain boundaries containing an appreciable 
volume of residual p. The m acrostructure comprises colonies of a-grains with the same 
orientation {see figure 3), Several such colonies, with related crystallography, will have 
formed out of each high-temperature prior-p grain. Thus there are two levels oi 
macrostructurc, the 'prior-(T grain size and the colony size. However, the prior-p grain 
boundaries are not readily distinguishable from ordinary colony boundaries, and so the 
colony size alone was judged sufficient to quantify the macrostructurc.
The disc material underwent forging and heat treatment operations that disturbed the 
billet structure, replacing it with one typical of an extended stay in the a /p  region of the 
phase diagram. A mixture of p rim ary-a and prior-ji is observed, with some residual (J- 
phase at grain boundaries. Further details on the metallurgy of titanium alloys can be 
obtained from several sourccsl9J0l
(10)
TI-6A1 4V billet material
HF/HNO, etch
Colony boundaries marked
Figure 3
A typical microstructurc fur Ti-6A]~4V
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The backscattcrcd signal {’grain noise') can be corrected for experimental conditions 
using a measurement model, and plotted against 'macro* or ’micro* grain size and frequency. 
The ultrasonic data shows a dependence on macro and micro scales parallel to and 
perpendicular to the direction of propagation. For example, Figure 4 shows a plot of 
backscattcr coefficient (calculated using the Center for NDE's measurement model 
against the macrostructural scale in the direction of pulse propagation. The heavy line 
shown is a model based on Rose's approach^. This is a reasonable fit to the data, although 
all the measurements that we currently have are in the geometric (n<xl/d) region. Scatter 
from this curve can be attributed to the effects of grain sizes perpendicular to the ultrasonic 
beam and microstructural size variation. It should be noted that the 'raw" Rose model is in 
error by a factor of around 100 using this data.
Figure 5 demonstrates the effectiveness of a simple empirical method. Half of our 
data for metallography and the corresponding noise levels has been used to train a neural 
network. The other half of the metallographic data has then been fed in, and the network’s 
predictions plotted against the measured noise values. This approach has worked well with 
our data, but the quantity of data points required for training limits its practical usefulness. 
What is potentially useful In terms of further developing the theoretical relationships is an 
understanding of how the network is producing these predictions. Figure 6  is a plot of the 
relative importance assigned to various inputs by the network. ’Frequency* cannot be 
reliably separated from other probe variables, and is expected to be important. The high 
figure assigned to colony size in the direction of pulse propagation indicates that it is these 
boundaries that arc responsible for the majority of the scattering observed -  individual 
'niicrograin* boundaries are too small at the frequencies used. Next most important is the 
grain size perpendicular to the direction of pulse propagation. This is thought to influence 
the shape of colony boundaries. A large grain size (relative to colony size) will produce a 
more coherent colony boundary -  and hence a more coherent reflection resulting in a 
stronger reflected signal being measured.
C o n c l u s io n s
Models for scattering have been suggested by several workers!1’11,12,13^  but none of 
them appear to accurately predict the ultrasonic response of titanium alloys. Greater 
consideration needs to be given to grain sizes parallel and perpendicular to the beam, 
crystaliographic texture, and local orientation relationships. Work is progressing to quantify 
these effects theoretically and experimentally. A simple empirical approach using neural 
networks succeeded in predicting ultrasonic backscattcr levels, but relationships estimated 
in this way cannot be applied to other material or equipment without extreme caution. Work 
is progressing to determine more robust relationships. Much more than just an average noise 
level can be measured from an A-scan, and various microstructural inputs affect the scan in 
different ways. Relating these via a single coefficient is thus not ideal since most of the 
information is lost, Other approaches to extract more information from the A-scan arc 
under consideration.
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G l o s s a r y
a  attenuation coefficient, in Nepers/metre 
a  low temperature (hep) phase of Ti
fi high temperature (hcc) phase of Ti
f( f )  frequency component of the backscattcr 
i] backscattcr coefficient
p material density
a grain 'radius*
b probe radius
€■■ single crystal, elastic constant
0 poly crystal line material average clastic 
constant (e.g. Voigt method) 
d average grain diameter
D beam directivity correction
F focal length of the ultrasonic probe
G a Gaussian beam profile
f incident ultrasonic frequency
Jm ordinary Bessel function,
o f integral order m
k incident wave number
V longitudinal ultrasonic velocity
volume fraction
z coordinate measured from the probe in
the direction of propagation
zri the w ater gap
zi z-coordinatc measured from the point
of entry into the sample.
0.002
0.0018
0,0016
0.0014
0.0012
0.001
0.0008
0.0006
0,0004
0.0002
0
| jf \ P
! / *  1 j
if f \  *; i 1
i| i \ [
1 ~ F * j
j ; * ♦ : X, 1
V ' n  9 VX: \■ . * * -H i
■ ♦» i
“ TO MHz *
>« c *  ' ......... — »4 M-Hz
0 500 1000 1500
Colony diameter /microns
2000
Figure 4: Backscattcr coefficient as a function of colony size
Billet material, flat probes, nominal frequencies of 4 and 10 MHz 
 Curves arc scaled models based on the approach of Rose
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Figure 5: Performance of a neural net in predicting 'Grain Noise*
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Figure 6: Sensitivity to input variables of a neural network predicting 'Grain Noise*
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N o t a t io n
Note; this glossary o f  terms is duplicated on a foldout sheet at the 
<> material average value ODF
a attenuation/absorption coefficient, or p(r)
hexagonal phase of titanium 
p transducer efficiency, or cubic phase of 
titanium
Sjj, S; strain (2.5)
O gain in dB, the gain necessary to bring a 
signal to half screen height 
(j) gain in nepers 
r\ backscatter coefficient 
X wavelength 
p shear or rigidity modulus 
v Poisson’s ratio
0 angle, particularly of hexad axis to 
direction of ultrasonic propagation
p density
crn standard deviation 
Ojj, Oj stress (2.5) 
co angular frequency, = 27if 
T  elastic anisotropy {2.6} 
a grain radius 
A cross-sectional area 
A0 area interrogated by beam width 
b transducer radius (effective piezoelectric 
element radius)
B beam intensity, usually expressed as a 
function of axial distance z 
bccbody centred cubic lattice, fig4a 
single crystal elastic constants 
Cij0 material elastic modulus {2.11} 
d diameter, usually of a grain 
DAC distance amplitude curve (6.5)
E Young’s modulus 
f frequency 
F focal length
FBH flat bottomed hole (3.5) !
hcphexagonal close packed lattice, fig 4b
1 intensity of ultrasound 
k wavenumber, = 2n/X 
K bulk modulus
In natural logarithm (base e) 
log common logarithm (base 10)
NSR near surface resolution of a probe 
ODC orientation distribution coefficient
back o f  this thesis 
orientation distribution function 
probability of two points separated a 
distance r having the same crystallographic 
orientation 
PRF pulse repetition frequency 
Q elastic constant contrast, or scattering 
vector modulus {4.8}
R reflection coefficient {4.2}
R« see two-phase Rose model {4.36}
SAD standard artificial defect 
Sjj compliance (2.5)
SNR signal to noise ratio (3.5)
T transmission coefficient {4.2}
Ta see two-phase Rose model {4.36}
t time, or time delay
t01 delay between front and back surfaces
U particle velocity amplitude
u displacement
Uj voltage output from probe
u00 voltage for half screen height
v longitudinal ultrasonic pulse velocity
vp phase velocity
vs shear velocity
Vv volume fraction
W sampling/gate width
Whk, ODC, Bunge’s notation (2.6)
Z acoustic impedance, = pv 
z co-ordinate in the direction of pulse 
propagation. Origin at probe, ‘water- 
equivalent’ distances 
z' co-ordinate in the direction of pulse 
propagation. Origin at entry into metal. 
Metal distances
z = Z o + z»«w z .
^ m eta l 
V-  _  „  i  water  I 
~  *0 “  ^01 
^ m eta l
Zq distance from probe to sample 
Zj distance from probe to back surface of 
sample 
Zq/ block thickness
% except where otherwise stated, all material 
compositions (e.g. Ti-6A1-4V) are in 
weight %
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